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MONDAY,  OCTOBER  20, 1986 


MERCER  V 

7:45  AM-8:20  AM  CONTINENTAL  BREAKFAST 


MERCER  III 

8:20  AM  OPENING  REMARKS 

William  E.  Cooke,  U.  of  Southern  California,  Meeting  Cochair 

ll-MA  ABOVE  THRESHOLD  EXCITATION  AND 
IONIZATION:  1 

William  E.  Cooke,  U.  of  Southern  California,  Presider 

8:30  AM 

II-MA1  Angular  Distribution  of  Photoelectrons  from  Above- 
Threshokf-lonization  (ATI)  of  Xenon  Atoms,  0.  Feldmann,  U. 
Bielefeld,  F.  Ft.  Germany.  The  range  of  angular  momenta  of 
continuum  states  involved  in  ATI  has  been  determined  at  the 
four  harmonic  wavelengths  of  a  ND-YAG  laser,  (p.  2) 

9:00  AM 

ll-MAZ  Study  of  Ponderomotive  Forces  and  Above-Thresh¬ 
old  MuHiphoton  Ionization  by  Artgie  Resolved  Photoelectron 
Spectroscopy,  P.  H.  Bucksbaum,  R.  R.  Freeman,  T.  J. 
Mclirath,  M,  Bashkansky,  AT&T  Bell  Laboratories.  Above 
threshold  ionization  and  ponderomotive  forces  are  studied 
using  photoelectron  energy,  intensity,  and  angular  distribu¬ 
tions  from  1064-nm  multiphoton  ionization  of  rare  gases. 

(p.  3) 

9:30  AM 

II-MA3  Excess-Photon  Ionization  and  Dressing  of  Contin¬ 
uum  States,  H.  B.  van  Linden  van  den  Heuvell,  H.  G.  Muller, 
FOM-lnstitute  for  Atomic  &  Molecular  Physics,  The  Nether¬ 
lands.  Excess-photon  ionization  is  considered,  both  in  a 
situation  where  the  ionization  and  excess  absorption  are  due 
to  one  field,  and  where  ionization  and  continuum-continuum 
transitions  are  due  to  different  fields,  (p.  5) 

9:50  AM  COFFEE  BREAK 


10:15  AM 

II-MA4  Resonantly  Enhanced  Multiphoton  Ionization  Pho¬ 
toelectron  Angular  Distributions  for  Xenon,  P.  R.  Blazewicz, 
Yale  U.;  R.  N.  Compton,  J.  A.  D.  Stockdale,  John  C.  Miller, 
Oak  FUdge  National  Laboratory.  Resonantly  enhanced  multi¬ 
photon  ionization  and  above-threshold  ionization  photoeiec- 
tron  angular  distributions  via  the  6s(3/2)?  and  6s'(1/2)f  reson¬ 
ant  intermediate  states  have  been  studied,  (p.  7) 

10:35  AM 

II-MA5  Monte  Carlo  Description  of  Photoionization,  George 
A.  Kyrala,  Los  Alamos  National  Laboratory.  Photoionization 
of  a  hydrogenic  atom  in  an  intense  electromagnetic  field 
utilizing  a  classical  mechanical  description  is  introduced. 
The  effects  of  polarization  of  the  electromagnetic  field  are 
presented,  (p.  9) 

10:55  AM 

II-MA6  The  Ionization  Threshold  Problem  in  Intense  Field 
Multiphoton  Ionization  of  Atoms,  Liwen  Pan,  Bala  Sun- 
daram,  Lloyd  Armstrong,  Jr.,  Johns  Hopkins  U.  We  study  the 
properties  of  final  state  wavefunctions  in  intense  field  multi¬ 
photon  ionization  of  atoms,  and  the  role  of  the  pondero- 
motive  potential,  (p.  11) 

11:15  AM 

II-MA7  Multiphoton  and  Above-Threshoid  Ionization,  Shih-I 
Chu,  U.  Kansas.  Nonperturbative  Floquet  methods  for  in- 
tensity-dependent  threshold  shift,  multiphoton  and  above¬ 
threshold  ionization  of  atomic  hydrogen  in  intense  mono¬ 
chromatic/polychromatic  laser  fields  are  presented,  (p.  13) 

11:35  AM  LUNCH  BREAK 


ll-MB  ABOVE  THRESHOLD  EXCITATION 
AND  IONIZATION;  2 

Steve  J.  Smith,  JILA,  Presider 

1:30  PM 

II-MB1  Theoretical  Aspects  of  Above-Threshold  Absorp¬ 
tion,  Robin  Shakeshaft,  U.  Southern  California.  Some  theo¬ 
retical  approaches  to  the  description  of  above-threshold  ab¬ 
sorption  are  reviewed,  (p.  16) 

2:00  PM 

II-MB2  Quantum  Optical  Approaches  to  the  Problem  of 
Atoms  and  Electrons  In  Intense  Fields,  J.  H.  Eberly,  U. 
Rochester.  We  show  how  an  application  of  quantum  optic 
principles  leads  to  some  tentative  conclusions  regarding  the 
behavior  of  atoms  and  electrons  in  intense  radiation  fields, 
(p.  17) 
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2:30  PM 

II-MB3  Peak  Suppression  in  Above-Threshoid  Ionization.  P. 

Agostini,  G.  Petite,  F.  Yergeau,  CEN  Saclay,  France.  After  a 
brief  ''eview  of  the  experimental  and  theoretical  material,  we 
present  and  discuss  new  experimental  results  obtained  in  a 
regime  free  of  space  charge  effects,  using  a  magnetic  col¬ 
lection  and  time-of-flight  technique,  (p.  18) 

2:50  PM 

II-MB4  Atomic  Behavior  in  Intense  High-Frequency  Laser 
Fields,  M.  Gavrila,  M.  J.  Offerhaus,  M.  Pont,  FOM-lnstitute  for 
Atomic  &  Molecular  Physics,  The  Netherlands:  J.  Z.  Kamin¬ 
ski,  Warsaw  U.,  Poland:  J.  Van  de  Ree,  Eindhoven  U.  Tech¬ 
nology,  The  Netherlands.  A  recently  developed  theory  was 
appli^  to  calculate  nonperturbative  levels,  scattering  and 
multiphoton  transitions  of  the  electron-nucleus  system  in  in¬ 
tense,  high-frequency  laser  fields,  (p.  19) 

3:10  PM  COFFEE  BREAK 


3*30  PM 

ll-MC  POSTOEAOLINE  PAPERS 


SHAW  ROOM 

8.-00  PM-11:00  PM 

OSA  SPECTROSCOPY  TECHNICAL  GROUP  MEETING 

A  panel  discussion  will  be  held  concerning  the  question, 
"Does  the  physics  of  atoms  in  strong  AC  fields  bear  any 
resemblance  to  the  atomic  physics  that  we  all  know  and 
love?"  Thomas  J.  Mclirath,  Moderator. 


MERCER  V 

7:45  AM-S:30  AM  CONTINENTAL  BREAKFAST 


MERCER  Ml 

ll-TuA  TWO  ELECTRON  SYSTEMS 

Robert  N.  Compton,  Oak  Ridge  National  Laboratory, 
Presider 

6:30  AM 

ll-TuAI  Multiple  Excitation  of  Atomic  Electrons,  Chris  H. 
Greene,  Louisiana  State  U.  Extensive  development  of  non- 
perturbafive  theoretical  .-nethods  for  handling  electron  cor¬ 
relations  is  needed  to  deal  with  doubly  and  triply  excited 
states  of  atoms.  Recent  progress  is  described,  (p.  22) 

9:00  AM 

ll-TuA2  Doubly  Excited  Atoms,  T.  F.  Gaiiagher,  U.  Virginia. 
A  survey  of  doubly  excited  atoms  includes  such  topics  as 
their  unique  properties  and  different  ways  in  which  they  may 
be  produced  or  studied,  (p.  24) 

9:30  AM 

ll-TuAS  Pair  Description  of  Two-Electron  States,  A.  R.  P. 

Rau,  Louisiana  State  U.  A  consistent  description  of  doubly 
excited  states  in  terms  of  a  pair  of  eiectrons  rather  than  in¬ 
dividual  particles  is  developed  further,  (p.  26) 

9:50  AM  COFFEE  BREAK 


Michele  Crance,  Laboratoire  Aime  Cotton,  France,  Presider 

10:15  AM 

tl-TuA4  Wannier  Two-Electron  Ionization  Ladder  in  Many- 
Electron  Systems:  The  'P°  Doubly  Excited  States  In  H',  He, 

and  Li-,  Yannis  Komninos,  Cleanthes  A.  Nicolaides,  National 
Hellenic  Research  Foundation,  Greece.  We  present  a  theory 
for  the  a  priori  identification  and  accurate  calculation  of  the 
correlated  wave  functions  of  a  speciai  class  of  doubly  ex¬ 
cited  states  which  lead  smoothly  to  the  Wannier  state  at 
threshold,  (p.  30) 

10:35  AM 

ll-TuA5  Regularities  of  Negative  Ion  Resonances,  Charles 
W.  Clark,  Stephen  J.  Buckman,  Australian  National  U.  Some 
regularities  of  negative  ion  resonances  are  identified  by  iso¬ 
ionic  comparisons.  They  shed  light  on  Wannier  ridge-and- 
valley  aspects  of  multiply  excited  states,  (p.  32) 

10:55  AM 

ll-TuA6  Novel  Motions  in  Highly  Excited  Two-Electron 
Atoms,  Hubert  Klar,  U.  Kaiserslautern,  F.  R.  Germany.  Novel 
attracting  motions  consisting  of  periodic,  quasiperiodic  and 
chaotic  components  predict  a  new  resonance  formation  in 
doubly  excited  atoms.  Also,  double  escape  correlations  are 
analyzed,  (p.  34) 
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11:15  AM 

ll-TuA?  Inhibtted  Autoionization  in  Multicontinua  Systems, 

V.  Lange,  G.  Renz,  U.  Eichmann,  A.  Zetsche,  W.  Sandner,  U. 
Freiburg,  F.  R.  Germany.  Experimental  and  theoretical  stud¬ 
ies  of  inhibited  autoionization  in  multicontinua  systems  are 
presented.  Applications  include  controlled  population  inver¬ 
sion  of  ions  by  excitation  through  autoionizing  Rydberg 
states,  (p.  35) 

11:35  AM  LUNCH  BREAK 


ll-TuB  MULTISTAGE  IONIZATION 

See  Leang  Chin,  Laval  U.,  Presider 

1:30  PM 

ll-TuBI  Multiply  Charged  Ions  and  Energy  Spectrum  of 
Electrons  in  MuKiphoton  Ionization,  L.-A.  Lompre,  G.  Main- 
fray,  Centre  d'  Etudes  Nucleaires  de  Saclay,  France.  Forma¬ 
tion  of  multiply  charged  ions  and  energy  spectrum  of  elec¬ 
trons  produced  in  the  multiphoton  ionization  of  rare  gases 
obtained  in  a  strong  laser  field  are  discussed,  (p.  38) 

2:00  PM 

ll-TuBZ  Many-Electron  Dynamics  of  Heavy  Atoms  In  In¬ 
tense  Laser  Fields:  Effects  of  Screening  and  Correlation, 

Goran  Wendin,  Lars  Jonsson,  Anne  L’Huiliier,  Chalmers  U. 
Technology,  Sweden.  We  discuss  the  role  of  collective  ef¬ 
fects  in  multiphoton-multielectron  ionization  of  heavy  atoms. 
We  present  results  of  an  application  to  two-photon  one- 
electron  ionization  of  the  5p-shell  of  xenon  in  the  0.45-1.4  Ry 
photon  energy  region.  Finally,  we  discuss  briefly  different 
aspects  of  many-electron  effects  in  direct  and  stepwise 
multielectron  radiation,  (p.  40) 

230  PM 

ll•TuB3  Time-Dependent  Hartree  Fock  Theory  of  Multipho¬ 
ton  Ionization,  Kenneth  C.  Kulander,  Lawrence  Livermore 
National  Laboratory.  The  application  of  a  time<lependent 
self-consistent  field  method  to  the  interaction  of  a  multielec¬ 
tron  atom  with  intense  laser  fields  is  discussed,  (p.  41) 


FLAG  PAVILION 
3:00  PM-5:00  PM 

ll-TuC  POSTER  PREVIEWS/ REFRESHMENTS 

Poster  papers  and  overhead  transparencies  of  selected  oral 
presentations  will  be  available  for  preview. 


6.-00  PM-8.-00  PM 

ll-TuC  POSTER  PRESENTATIONS 

Poster  papers  and  overhead  transparencies  of  selected  oral 
presentations.  Authors  will  be  in  attendance. 

ll-TuC1  Dynamics  in  Intense  Fields:  Beyond  the  Dipole  Ap¬ 
proximation,  Andre  D.  Bandrauk,  O.  P.  Kalman,  U.  Sher¬ 
brooke,  Canada.  The  dressed  molecular  Hamiltonian  for 
molecules  in  strong  electromagnetic  fields  is  derived  in  the 
Bloch  Nordsieck  (BN)  electric  field  (EF)  representations 
beyond  the  dipole  approximation.  Examples  of  analytic  and 
numerical  field  modified  potentials  are  presented,  (p.  44) 

ll-TuC2  Dressing  to  the  Hydrogen  Atom  in  an  Extremely  In¬ 
tense  Laser  Field,  M.  Janjusevic,  M.  H.  Mitticrnan,  City  Cot¬ 
tage  of  New  York.  We  have  rederived  an  equation  for  the 
dressed  bound  state  of  the  H  atom.  One  immediate  result  is 
that  the  level  shift  is  the  ponderomotive  potential  plus 
smaller  terms.  The  applicability  of  the  theory  to  other  atoms 
is  discussed,  (p.  47) 

IFTuC3  Inverse  Half-Bremsstrahlung  In  Multiphoton  Ioniza¬ 
tion  of  Atoms  in  Intense  Light  Beams,  Joseph  Kupersztych, 
CEN  Sactay,  France.  It  is  shown  that  absorption  of  the 
minimum  number  of  photons  needed  to  ionize  an  atom  in  a 
light  beam  of  moderate  intensity  is  no  longer  energetically 
possible  when  the  external  field  is  strong.  However,  sub¬ 
sequent  absorption  of  a  large  number  of  photons  by  the 
emerging  electron  in  the  field  of  its  parent  ion  can  occur  via 
multiphoton  inverse  half-bremsstrahlung  and  ionization  is 
again  possible,  (p.  48) 

ll-TuCA  Final  State  Effects  in  Above-Threshold  Ionization, 

W.  Becker,  M.  O.  Scully,  U.  New  Mexico:  R.  R.  Schlicher.  Max- 
Ptanck  Institute  for  Quantum  Optics,  F.  R.  Germany.  We  pro¬ 
pose  a  simple  model  which  exhibits  most  of  the  universal 
features  encountered  in  the  electron  spectra  of  above¬ 
threshold  ionization,  (p.  49) 

ll•TuC5  Strong  Field  Laser  Ionization  of  Model  Atoms,  M.  S. 

Pindzola,  Auburn  U.;  C.  Bottcher,  Oak  Ridge  National 
Laboratory.  Finite  element  methods  are  used  to  solve  the 
time-dependent  Schrodinger  equation  for  a  1-D  square  well 
potential  subject  to  an  arbitrarily  strong  electromagnetic 
field,  (p.  51) 

ll-TuC6  General  Relativistic  Ponderomotive  Force  in  a  Mov¬ 
ing  Medium,  Shitong  Zhu,  Shanghai  Institute  of  Optics  & 
Fine  Mechanics,  China;  Wenda  Shen,  Shanghai  U.  Science  & 
Technology,  China.  The  general  relativistic  ponderomotive 
force  is  first  derived.  Previous  results  are  modified.  Unlimited 
ponderomotive  force  in  a  moving  plasma  with  critical  density 
is  predicted,  (p.  52) 
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ll-TuC/  Classical  Calcuiations  of  the  Effects  of  High 
Brightness  Laser  Radiation  on  Photoelectron  Angular  Dis¬ 
tributions,  Don  R.  Kania,  Los  Alamos  National  Laboratory.  A 
two-step  model  (photoionization  and  transport)  has  bron 
developed  to  calculate  the  effects  of  high  orightness  laser 
radiation  on  photoelectron  angular  distributions,  (p.  54) 

ll-TuCS  Model  of  Two-Electron  Ionization  based  on  Semi- 
dasslcal  Phase  Space  Averaging,  Jan  Mostowski,  U. 
Rochester:  Marek  Trippenbach,  Warsaw  U.,  Poland:  Cao 
Long  Van,  Institute  for  Theoretical  Physics,  Poland.  Ioniza¬ 
tion  of  helium  by  a  very  strong  laser  is  studied  by  phase 
space  averaging  of  Newtonian  trajectories,  using  the 
ground-state  Wigner  function  at  f  =  0.  (p.  56) 

ll-TuC9  Collective  Dipole  Excitation  of  Many-Electron 
Atoms  by  intense  Laser  Pulse,  Farhad  H.  M.  Faisal,  U. 
Bielefeld,  F.  R.  Germany.  Many-body  random-phase  analysis 
of  atomic  Hamiltonian  is  made;  existence  of  laser  driven  col¬ 
lective  excitation  of  atomic  dipole  operator  is  demonstrated; 
absorption  cross-sections  in  noble  gases  are  obtained. 
(p.58) 

ll-TuC10  Qectron  Angular  Distributions  and  Branching 
Ratios  of  the  Sri  5p]„ns„,  and  Sp,„ns,„  J  =  1  Autolonizing 
States,  Y.  Zhu,  E.  Y.  Xu,  T.  F.  Gallagher,  U.  Virginia.  The 
energy  and  angular  distributions  of  electrons  ejected  from 
the  Sri  5P3/,ns,/,  and  5p„;ns,,3  J  =  1  autolonizing  states 
have  been  measured  and  a  six-channel  MQDT  analysis  is 
presented,  (p.  60) 

ll-TuC11  Photoelectron  Spectrum  Resulting  from  Autoion- 
izlng  State  Resonance,  Lee-Ger.g  Zhao,  Zhi-Zhan  Xu, 
Shanghai  Institute  of  Optics  &  Fine  Mechanics,  China.  The 
photoelectron  spectrum  produced  by  autolonizing  state 
resonance  in  the  continuum  has  been  studied  theoretically 
by  employing  the  resolvent  operator  method,  (p.  62) 

ll-TuCIZ  Multiphoton  Isolated  Core  Excitation,  J.  G.  Story, 
L.  D.  Van  Woerkom,  W.  E,  Cooke,  U.  Southern  Caiifomia.  A 
closed  form  expression  for  multiphoton  core  excitation  is 
presented.  Guidelines  are  presented  for  maximizing  an  n 
photon  core  excitation,  (p.  64) 

ll-TuC13  Observation  and  Analysis  of  the  Autolonizing 
Spectra  of  Sr,  Sufen  Hu,  Sen  Zhang,  Jie  Lu,  Jizhen  Qiu, 
Jiazhen  Sun,  Zhejiang  U.,  China.  The  Sr(5p,,,ns),  and 
{5p,,ind},  3  autolonizing  levels  have  been  measured  using  the 
polarized  laser  multiple  excitation  approach.  Some  results 
have  been  analyzed,  (p.  66) 
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ll-TuC14  MuHiphoton  Ionization  of  Beryllium,  J.  Wen,  J.  C. 
Travis,  T.  B.  Lucatorto,  C.  W.  Clark,  U.S.  Nationai  Bureau  of 
Standards.  We  have  measured  isotope  shifts  and  hyjjerfine 
structure  of  singly  and  doubly  excited  states  of  b^llium 
and  have  studied  line  shapes  associated  with  resonant 
multiphoton  ionization,  (p.  68) 

ll-TuC1S  Electric  Field  Effects  on  Doubly  Excited  Autoion- 
Izing  States,  D.  E.  Kelleher,  E.  B.  Salomon,  J.  W.  Cooper,  C. 
W.  Clark,  U.S.  National  Bureau  of  Standards.  We  summarize 
electric-field  effects  observed  on  autolonizing  resonances; 
field-induced  autoionization  and  interferences,  and  ion-core 
anisotropy  effects  on  Rydberg-Stark  manifolds,  (p.  70) 

ll-TuC16  Double  Electron  Excitation  of  Lithium  by  Electron 
Impact,  R.  Srivastava,  U.  Roorkee,  India:  W.  Williamson,  Jr., 
U  Toledo.  The  electron  impact  total  cross  section  for  the 
double  electron  excitation  of  lithium  using  the  distorted 
wave  theory  has  been  calculated.  The  results  are  reported  for 
the  Li(’S  —  *P)  transition.  The  distorted  wave  model  used  in¬ 
cludes  distortions  due  to  the  static,  polarization,  and  ex¬ 
change  effects  appropriately  in  both  the  incoming  and  out¬ 
going  distorted  waves,  (p.  72) 
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WEDNESDAY,  OCTOBER  22,  1986 


MERCER  V 

8:30  AM-9K)0  AM  CONTINENTAL  BREAKFAST 


MERCER  III 

ll/lll-WA  JOINT  SYMPOSIUM  OF  THE  TOPICAL 

MEETING  ON  MULTIPLE  EXCITATIONS  OF 
ATOMS  AND  THE  INTERNATIONAL  LASER 
SCIENCE  CONFERENCE 

Thomas  J.  Mclirath,  U.  Maryland,  Presider 

9:00  AM 

ll/lll-WAI  Multiphoton  Excitation  and  Ionization  of  Atoms, 

H.  Jara,  U.  Johann,  T.  S.  Luk,  I.  A.  McIntyre.  A.  McPherson,  A. 
P.  Schwarzenbach,  K.  Boyer.  C.  K.  Rhodes,  U.  Illinois  at 
Chicago.  The  results  of  the  subpicosecond  studies  at  248  nm 
are  discussed,  (p.  76) 

9:30  AM 

ll/lll■WA2  Laser  Spectroscopy  oi  Core-Excited  Levels  of 
Neutral  Rubidium,  S.  E.  Harris,  J.  K.  Spong,  J.  D.  Kmetec,  K. 
D.  Pedrotti,  S.  C.  Wallace,  J.  F.  Young,  Stanford  U.  We  de¬ 
scribe  first  experimental  results  of  a  new  technique  for  ob¬ 
taining  level  positions,  autoionizing  linewidths,  and  oscillator 
strengths  of  core-excited  levels  and  transitions,  (p.  79) 

10:00  AM 

II  /  III-WA3  Overview  of  Above  Threshold  Ionization:  There  is 
Only  One  Physics,  R.  R.  Freeman,  AT&T  Bell  Laboratories. 
We  review  the  recent  work  on  ATI  and  show  that  the  phe¬ 
nomena  can  be  satisfactorily  understood  in  the  context  of 
contributions  from  related  fields,  (p.  81) 

10:30  AM 

ll/lll•WA4  Multiple  Excitation  and  Ionization  of  Atoms  by 
Strorrg  Lasers:  Is  There  Any  New  Physics?,  P.  Lambropoulos, 
U.  Southern  California.  A  theoretical  analysis  of  sequential 
(stripping)  and  direct  ionization  processes  is  employed  in  the 
description  of  multiple  electron  ejection.  A  formalism  and 
calculations  for  the  description  of  double  electron  ejection 
including  laser  intensity  effects  are  also  presented,  (p.  82) 

11:00  AM  CLOSING  REMARKS 

Thomas  J.  Mclirath,  U.  Maryland,  Meeting  Cochair 
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MERCER  in 
8:30  AM-11:35  AM 

n-MAl-7 

ABOVE  THRESHOLD  EXCITATION 
AND  IONIZATION:  1 

William  E.  Cooke,  University  of 
Southern  California,  Meeting  Cochair 
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Angular  Distribution  of  Photoelectrons  from 
Above-Threshold-Ionization  (ATI)  of  Xenon  Atoms 


D.  Feldmann 
Fakultaet  Physik 
Universitaet  Bielefeld 
D  4800  Bielefeld  1 
Federal  Republic  of  Germany 


The  range  of  angular  momenta  of  continuum  states  involved  in  ATI  has 


been  determined  at  the  four  harmonic  wavelengths  of  a  Nd-YAG  laser. 
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Study  of  ponderomotive  forces  and  above>threshold  multiphoton  ionization 
by  angle  resolved  photoelectron  spectroscopy 

P.  H.  Bucksbaum,  R.  R.  Freeman,  T.  J.  Mcllrath^,  M.  Bashkansky^ 

AT&T  Bell  Laboratories 
Murray  Hill,  NJ  07974 

In  investigations  of  above-threshold  ionization  (ATI)\  we  have  shown  that  ponderomotive 
forces  dominate  photoelectron  angular  distributions  at  high  laser  intensities.  The  experiments 
employ  1064  nm  100  psec  laser  pulses  or  their  harmonics,  to  ionize  xenon  and  other  rare  gases, 
with  peak  intensities  up  to  10^^  w/cm". 

As  a  photoelectron  leaves  the  tight  focus  of  a  laser  beam  where  it  was  produced,  it  scatters 

2 

due  to  ponderomotive  forces  proportional  to  the  gradient  of  the  laser  intensity.  At  low  intensi- 
ties,  the  electrons  are  emitted  along  the  polarization  axis,  but  as  the  laser  peak  intensity  is 
raised,  the  lower  energy  electrons  become  more  isotropic,  reflecting  ponderomotive  scattering 
from  the  focus  (figure  1).  In  addition,  the  spatial  mode  can  dramatically  affect  the  distribu¬ 
tions.  Trajectory  calculations  agree  well  with  these  observations. 

Figures  2a,b,c  show  the  electron  spectrum  for  linearly  polarized  light,  observed  along  the 
polarization  axis  for  different  intensities.  The  threshold  ionization  processes  (0.58  and  0.69  eV) 
are  suppressed  due  to  the  shift  of  the  atomic  ionization  energy  in  intense  light  fields.^  Ionization 
with  circularly  polarized  radiation  can  dramatically  alter  the  ATI  spectra  by  suppressing  low 
energy  electrons  (figure  2d,e).  A  simple  model,  based  on  angular  momentum  absorption  and 
suppression  of  the  overlap  with  low  energy  final  states  by  centrifugal  repulsion,  agrees  well  with 

C 

these  observations. 

^  On  leave  from  BPST,  University  of  Maryland 
Physics  Department,  Colu  _bia  University 

1.  P.  Kruit,  J.  Kimman,  H.G.  Muller  and  M.J.  van  der  Wiel,  Phys.  Rev.  A  28,  248  (1983). 

2.  a:  T.W.B.  Kibble,  Phys.  Rev.  ISO,  1060  (1966);  b:  J.H.  Eberly,  Progress  in  Optics,  7,  359 
(1969);  c:  P.  Avan,  C.  Cohen-Tannoudji,  J.  Dupont-Roc  and  C.  Fabre,  J.  de  Physique  57, 
993  (1976);  d:  M.  H.  Mittleman,  Theory  of  Laaer-Atom  Interaetiona,  (Plenum,  NY,  1982). 

3.  H.  J.  Humpert,  H.  Sckwier,  R.  Hippier  and  H.  O.  Lutz,  Phys.  Rev.  A  S2,  3787  (1985). 
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4.  H.  G.  Muller,  A.  Tip  and  M.  J.  van  der  Wiel,  J.  Phys.  B  16,  L679,  (1983);  H.  G.  Muller  and 
A.  Tip,  Phys  Rev  A  30,  3039  (1984);  M.H.  Mittleman,  J.  Phys.  B  17,  L351  (1984);  A.  Szoke, 
J.  Phys.  B,  18,  L427  (1985).  This  was  observed  in  Ref.  1,  and  in  L.  A.  Lompre, 
A.L’Huillier,  G.  Mainfray  and  C.  Manus,  J.  Opt.  Soc.  Am.  B  2,  1906  (1985). 

5.  P.  H.  Bucksbaum,  M.  Bashkansky,  R.  R.  Freeman,  and  T.  J.  McDrath,  Phys.  Rev.  Letters 
56.  June  19  issue,  in  press  (1986). 


Figure  1:  Photoelectron  angular  distributions  in  the  polarization  plane,  for  linear  polarization 
along  0*;  o,  A,  4-  correspond  to  0.7,  1.4,  11.2  xl0‘*w/cm*,  respectively,  a:  1.8  eV  S=1  elec¬ 
trons;  b:  3.0  eV  S=2  electrons. 
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Figure  2:  Photoelectron  spectra  for  xenon,  a; 
linearly  polarized  along  the  detection  axis, 
Ip«»k  0.7xl0‘®  w/cm^;  b:  linearly  polarized 
along  detection  axis,  Ipe»k  1.5xl0‘®  w/cm^; 
c:  linearly  polarized  along  detection  axis, 
j  Ip«ik  4.0x10*®  w/cm®;  c:  circularly  polar¬ 
ized,  Ip,^  «  2.2x10*®  w/cm®;  d:  circularly 
polarized,  Ip,^  «  1.2x10*®  w/cm®. 
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Excess-Photon  Ionization  and  Dressing  of  Continuum  States. 

H.B.  van  Linden  van  den  Heuvell  and  H.G.  Muller 
FOM-lnstitute  for  Atomic  and  Molecular  Physics 
Kruislaan  407, 1098  SJ  Amsterdam,  the  Netherlands. 

Among  the  features  of  (quasi-)one-electron  atoms  in  a  strong 
radiation  field,  the  process  of  excess-photon  ionization  is  one  of 
the  most  spectacular.  For  a  short  time  an  electron  is  coupled  both  to 
the  remaining  core  of  an  atom  and  to  a  radiation  field.  This  leads  to 
a  gain  af  kinetic  energy  of  the  electron.  This  gain  is  not  possible  if 
only  one  of  the  two  couplings  is  present. 

A  recent  suggestion^  is  followed  here  to  use  the  name 
excess-photon  ionization  (EPI)  for  this  process,  rather  than  the 
more  traditional  but  unfortunately  somewhat  confusing  name  of 
above  threshold  ionization  (ATI). 

In  this  contribution  we  would  like  to  compare  two  classes  of 
experiments:  EPI-experiments  on  the  one  hand  (e.g.  the  experiment 
reported  by  Kruit  et  al.^)  and  normal  multiphoton  ionization  (where 
the  ionization  takes  place  with  the  smallest  possible  number  of 
photons  in  a  relatively  weak  field)  plus  a  strong  radiation  field 
deforming  the  continuum  states,  on  the  other  hand.  This  situation 
can  of  course  only  be  arranged  if  the  strong  dressing  field  (^2)  has 

a  substantially  lower  photon  energy  than  the  ionizing  radiation  field 

(w^). 

From  a  theoretical  point  of  view  the  experiment  with  two 
radiation  fields  is  easier  to  describe  than  EPI  since  in  that  case  the 
total  process  can  be  separated  in  an  ionization  step  and  a  dressing 
step.  In  quite  a  lof  of  descriptions  for  EPI  this  separation  is  also 
assumed.  However,  in  the  case  of  two  radiation  fields,  the 
separation  between  ionization  and  dressing  does  not  have  to  be 
assumed.  In  fact,  this  problem  is  excatly  solvable  if  the  energy  of 
the  ionized  electrons  is  much  larger  than  the  photon  energy  of  the 
radiation  field.  This  would  be  the  case  for  the  series  4w.|±Nco2  in 

figure  1.  however  this  series  is  complicated  by  the  fact  that  also 
another  path  leads  to  the  same  series,  namely  the  one  which 
involves  an  w  2  photon  emission  while  the  electron  is  still  bound. 

This  description  in  terms  of  side  bands  has  a  large  analogy  with  the 
one  of  Kroll  and  Watson^  for  free-free  scattering. 
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References: 

1)  B.  Shore  (1985)  and  also  suggested  at  the  Workshop  'Atoms  in 
strong  radiation  fields',  Orsay  (1986). 

2)  P.  Kruit,  J.  Kimman,  H.G.  Muller  and  M.J.  van  der  Wiel, 

Phys.  Rev.  A  Sa  248  (1983) 

3)  N.M.  Kroll  and  K.M.  Watson,  Phys.  Rev.  A  804  (1973). 


figure  1.:  Spectrum  of  photoelectrons  after  photoionization  of 
xenon  with  300  nm  light  of  intensity  =»10^^W/cm^ 

in  an  additional  laserfield  of  1064  nm  and  7  10^^  W/cm^. 
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Resonantly-Enhanced  Mnltiphoton  Ionization  Photoelectron 
Angular  Distributions  for  Xenon 

P.  R.  Blazewicz 

Department  of  Chemistry.  Xale  Oniversity.  New  Raven,  Connecticut  06S20 

R.  N.  Compton,  J.A.D.  Stockdale,  and  John  C.  Miller 
Oak  Ridge  National  Laboratory,  Oak  Ridge,  Tennessee  37831 


Multiphoton  ionization  (MPl)  of  Xe  atoms  resonantly  enhanced  through 
the  three-photon  allowed  6s[3/2]°  and  6s '[1/2]^  states  has  been  extensively 
studied  for  high-  and  low-gas  densities  (see,  e.g..  Ref.  1).  Limited  data 
exist  on  the  angular  distributions  of  the  photoelectrons  ejected  under 
these  conditions 

In  this  work  we  report  energy-resolved  angular  distributions  from 
ionization  through  pathways  resonant  at  the  three-photon  level  with  either 
the  6sl3/2]^  or  6s'[l/2]°  level  in  Xe. 

Briefly,  the  output  of  a  pulsed,  amplified  dye  laser  (Quanta  Ray 
PDL-2)  pumped  by  a  Nd:TA0  laser  (Quanta  Ray  DCR-2)  was  polarization 
purified  with  a  6lan-air  prism  and  focused  with  a  38-mm  or  50-aim  focal 
length  lens  to  give  a  power  density  ~10^^  W/cm^.  Xenon  gas  was  introduced 
into  the  vacuum  chamber  with  a  pulsed  nozzle  (Laser  Technics).  The  plane 
of  polarization  of  the  dye  laser  could  be  rotated  continuously  by  rotating 
a  double  Fresnel  rhomb  with  a  stepping  motor  drive.  The  photoelectrons  are 
energy  analyzed  with  a  7.3-cm  mean  radius  spherical-sector  analyzer 
operated  in  fixed  pass-energy  mode. 

Five  photons  are  required  to  ionize  Xe  through  the  6s  state  (3+2 
ionization)  leaving  the  ion  in  either  the  ^P3/2  or  ^Pi/2  core  and  producing 
two  corresponding  photoelectron  peaks.  The  high-energy  electrons  have  an 
angular  distribution  consisting  of  maxima  at  0  and  n  radians  with  smaller 
submaxima  at  n/2  and  3n/2.  These  electrons  are  due  to  ionization  which 
preserves  the  core  of  the  6s  state.  The  low-energy  electrons  have  an 
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angular  distribution  wbich  is  less  steep  vitb  naziaia  at  0  and  n  only  and 
result  froB  a  "core-changing"  ionization.  These  distributions  night  be 
expected  to  be  influenced  by  states  near  the  four-photon  level.  An  a.c. 
Stark  broadening  of  the  6s  ionization  is  easily  observed#^  but  ve  see  no 
change  in  the  angular  distributions  as  ve  tune  over  the  profile  which  is 
broadened  to  5-7  A  under  our  conditions. 

(3  +  1)  ionization  through  the  6s'  state  exceeds  the  energy  of  the  Xe'*' 
^P3/2  state  only  and  produces  one  major  photoelectron  peak.  This  is  also  a 
"core-changing"  ionization.  The  angular  distribution  of  these  photo¬ 
electrons  is  markedly  isotropic.  It  is  very  similar  to  an  angular 
distribution  calculated  for  two-photon  excitation  of  a  J=2  antolonizing 
resonance  in  Xe.^  The  68 '  photoelectron  spectrum  also  includes  two  weaker 
peaks  due  to  absorption  of  a  fifth  photon  leaving  the  ion  in  either  core. 
Much  weaker  above  threshold  ionization  peaks  have  also  been  seen  in  the  6s 
photoelectron  energy  spectrum. 

Research  is  sponsored  by  the  Office  of  Health  and  Environmental 
Research.  O.S.  Department  of  Energy  under  contract  DE-AC05-840R21400  with 
Martin  Marietta  Energy  Systems.  Inc. 


1.  R.  N.  Compton  and  J.  C.  Miller.  J.  Opt.  Soc .  Am.  B,  2.  355-361. 

2.  K.  Sato.  T.  Achiba.  and  K.  Eimura.  J.  Chem.  Phys.  80.  57  (1984). 

3.  P.  Kruit.  B.  G.  Muller.  J.  Xirnman.  and  M.  J.  van  der  ffiel.  J.  Phys.  B 

16.  2359  (1983)  . 

4.  P.  Gangopadhyay .  X.  Tang.  P.  Lambropoulos.  and  R.  Shakershaft  (to  be 

published) . 
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Monte  Carlo  Description  of  Photoionization. 


George  A.  Kyrala 
Los  Alamos  National  Laboratory 
P.O.Box  1663,  MS-E526 
Los  Alamos  ,  N.M.,  87545 


The  interaction  of  an  atom  with  a  very  intense  external  electromagnetic  field  is 
one  of  considerable  current  interest,  particularly  when  the  magnitude  of  the  external 
applied  fields  are  of  the  order  of,  or  stronger  than  the  internal  atomic  field  experienced 
by  the  atomic  electrons.In  that  case  perturbation  treatments  of  the  interaction  should  be 
very  difficult,  if  not  incorrect.  One  reaches  the  point  where  one  has  to  decide  between 
which  picture  ,  among  many,  would  be  used  for  the  interaction.  Instead  of  using  a 
multiphoton  picture  for  the  interaction,  I  chose  to  investigate  a  description  of  the 
interaction  utilizing  classical  mechanics. 

In  this  description  one  treats  the  electromagnetic  field  as  an  external  force  on  the 
electron,  one  neglects  the  electron  radiation  field  and  its  reaction  on  the  external  filed, 
one  treats  the  hydrogen  atom  as  a  Kepler  problem,  and  then  one  follows  the  orbits  of 
the  electron  in  the  combined  fields  of  the  electromagnetic  wave  and  the  coulomb 
potential. 

However,  in  order  to  reproduce  the  behavior  of  the  hydrogenic  atom,  the  initial 
conditions  of  the  hydrogenic  electron  are  chosen  from  a  microcanonical  distribution 
defined  by  the  quantum  mechanical  probability  distributions  for  the  selected  quantities. 
The  procedure  is  quite  similar  to  the  successful  Monte-Carlo  method  for  classical 
collisions  between  electrons  and  atoms(ref  1). 
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Thresholds  in  the  photoionization  probability  as  a  function  of  the  external  field 
intensity  have  been  found.  The  threshold  intensity  depends  on  the  electrons  initial 
angular  momnetum  and  eccentricity.  Results  will  be  presented  that  will  show  some  of  the 
classical  orbits  as  well  as  the  angular  distribution  of  the  photoelectron  that  are  ejected. 


REFERENCES: 

1 -  R.  Abrines  and  I.C.  Percival  Proceedings  of  the  Physical  Society  of  London 
,Vol88,pp86l-872  (1966). 
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The  Ionization  Threshold  in  Intense  Field 
Multiphoton  Ionization  of  Atoms 

Liwen  Pan,  Bala  Sundaram,  Lloyd  Armstrong,  Jr. 

Department  of  Physics  and  Astronomy 
The  Johns  Hopkins  University 
Baltimore,  MD  21218 


In  recent  studies  of  intense  field  above-threshold  multiphoton  ioniza¬ 
tion  of  atoms,  the  ponderomotive  potential  is  introduced  to  explain  the 
suppression  of  lower  energy  photoelectrons. ^  This  explanation,  which  we 
will  refer  to  as  PPT  (Ponderomotive  Potential  Theory),  predicts  an  increase 

of  ionization  potential  with  increasing  laser  intensity.  When  using 

13  2 

linearly  polarized  laser  light  with  an  intensity  of  about  10  W/cm  ,  and  a 
wavelength  of  1064  nm,  this  increase  of  the  ionization  potential  will  be 
about  an  eV. 

However,  many  experimental  results  on  the  total  ion-yield  as  a  func¬ 
tion  of  intensity  show  very  good  agreement  with  the  power  law  dependence 
predicted  by  lowest  order  perturbation  theory.  This  agreement  is  good  even 
when  the  laser  intensity  reaches  10  W/cm  .  At  this  intensity,  however, 
the  ionization  potential  would  be  shifted  by  100  eV  according  to  the  pre¬ 
diction  of  the  PPT,  which  seemingly  should  cause  a  change  in  the  power  law 
dependence  of  the  ionization. 

We  show  that  the  crucial  point  in  resolving  these  apparently  contra¬ 
dictory  results  lies  in  choosing  final  states  which  are  most  appropriate  to 
describe  the  experimental  measurements.  Volkov-type  states  are  appropriate 
for  studies  of  the  photoelectron  spectrum.  Simpler  formulations  in  terms 
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of  field-free  states  suffice  for  calculating  ionization  probabilities. 

We  have  investigated  the  process  of  multiphoton  ionization  in  an 
intense  field  by  solving  a  quantized  atom-field  model  in  which  the  basis 
of  final  states  includes  all  states  necessary  to  allow  an  asymptotic 
Volkov-like  behavior.  By  regrouping  final  states,  we  are  able  to  provide 
physical  interpretations  of  the  processes  involved.  We  discuss  the  role  of 
the  ponderomotive  potential. 
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Multiphoton  and  Above-Threshold  Ionization 
Shih-I  Chu 

Department  of  Chemistry,  University  of  Kansas 
Lawrence,  Kansas  66045 

I 

i 

Recently  a  number  of  advances  have  been  made  regarding  the  develop¬ 
ments  of  semiclassical  Floquet  theories  for  initio  nonperturbative  treat¬ 
ments  of  intense  field  multiphoton  processes , ^ ^  These  include  multiphoton 
excitation  (MPE)  and  dissociation  (MPD)  of  molecules, ^  multiphoton  ioniza¬ 
tion  (MPI)  of  atoms, ^  many-mode  Floquet  theory, SU(N)  dynamic  symmetries 
and  symmetry  breaking,^  charge  exchange  in  laser  fields^  and  nonlinear 
I  optical  processes  etc.^ 

I  In  this  paper,  we  shall  present  our  recent  work  in  the  area  of  intense 

I  field  multiphoton  and  above-threshold  ionization.  In  particular,  we  shall 

I 

discuss:  (i)  non-Hermi tian  Floquet  method  for  the  study  of  threshold 

shift  and  above-threshold  multiphoton  ionization  of  atomic  hydrogen  in  in¬ 
tense  monochromatic  laser  fields;^*  (ii)  two-color  multiphoton  ionization  by 
means  of  non-Hermitian  many-mode  Floquet  theory.^  The  most  recent  results 
and  alternative  nonperturbative  techniques  for  the  above-threshold  ioniza¬ 
tion  problem  will  also  be  discussed.^ 
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Theoretical  aspects  of  above-threshold  absorption 


Robin  Shakeshaft 
Physics  Department 
University  of  Southern  California 
Los  Angeles,  CA  90089-0484 


We  will  review  computational  and  physical  aspects  of  the  ionization  of  an 

atom  by  N  photons  with  N>P,  where  P  is  the  minimum  number  of  photons  required 

(N) 

to  ionize  the  atom.  In  perturbation  theory  the  matrix  element,  M  ,  for 

N-photon  absorption  can  be  decomposed  as  M  +  M  which  results  from  the 

decomposition  of  the  stationary  wave  of  the  emergent  photoelectron  into  its 

outgoing  (+)  and  Ingoing  (-)  parts.  Each  of  the  are  N-dimensional 

integrals  over  N  radial  coordinates  r^ ,  i  =  1 ,  ...,N.  Although  these  integrals 

are  not  formally  convergent  for  N>P,  the  integrand  of  M  consists  of 

functions  that  either  decay  exponentially  or  are  outgoing  waves  for  r^-®. 

i  0 

Hence  the  rotation  »  O<0<ir/2,  yields  an  integral  representation  of 

with  an  exponentially  decaying  integrand,  permitting  direct  and  accurate 

-(N)  +(N) 

numerical  integration.  A  relation  connecting  M  to  M  can  then  be  used 
(N) 

to  compute  M  for  N>P  with  not  much  greater  effort  than  for  the  case  N=P. 

Perturbation  theory  is  expected  to  fail  when  N>P  for  moderately  intense 
low  frequency  fields.  Various  models  have  been  proposed  to  study  multi¬ 
photon  absorption  in  the  non-perturbati ve  region.  A  typical  assumption 
underlying  these  models  is  that  free-free  transition  matrix  elements  are 
insensitive  to  the  energies  of  the  continuum  states.  This  assumption 
precludes  the  important  physical  effect  that  absorption  is  favored  over 
emission.  Several  numerical  approaches  have  been  proposed,  based  on  the 
Fourier  expansion  of  the  wavefunction  in  the  time  domain.  We  will  review 
progress  that  has  been  made  toward  treating  real  systems. 
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Dr.  J.  H.  Eberly,  Dept,  of  Physics  and  Astronomy,  University  of 
Rochester,  Rochester,  NY  14627 

Title:  Quantum  Optical  Approaches  to  the  Problem  of  Atoms  and 

Electrons  in  Intense  Fields 

Abstract:  The  principles  of  quantum  optics  suggest  certain  points  of 
view  in  problems  involving  the  interaction  of  intense  radiation  with 
atoms  and  electrons.  These  principles  can  frequently  be  used  as  a 
guide  regarding  the  value  of  perturbation  theory,  the  utility  of 
dressed-state  or  Floquet  methods,  the  presence  or  absence  of 
significant  electron-photon  correlations,  the  relevance  of  Fermi's 
Golden  Rule,  and  so  on.  They  can  also  point  to  the  existence  of 
possible  scaling  relationships  and  assist  in  the  qualitative 
interpretation  of  diverse  data.  We  will  attempt  to  show  how  an 
application  of  these  principles  leads  to  some  tentative  conclusions 
regarding  the  behavior  of  atoms  and  electrons  in  intense  radiation 
fields. 
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Peak  suppression  in  Above-Threshold-Ionization 


P.  Agostini,  G.  Petite  and  F.  Yergeau 
DPh.G-IRF-CEN  Saclay,  91191  Gif-sur-Yvette,  FRANCE 


Recently,  the  Above-Threshold-Ionization  (ATI)  phenomenon  has  received 
much  attention,  in  particular  from  theoreticians  bringing  up  models  to  inter¬ 
pret  the  suppression  of  the  low-energy  part  of  the  electron  energy  spectrum. 
In  this  respect,  the  reasons  why  some  electron  peaks  should  be  suppressed  can 
be  classified  in  three  groups:  first,  intensity  effects  which  modify,  in  all 
models,  the  ATI  probabilities  and  in  some  of  them  would  induce  strong  Stark 
shifts  of  the  ionization  limit.  Second,  polarization  effects:  it  has  been 
proposed  that  in  circular  polarization,  the  high-angular-momentum  final  states, 
which  are  also  the  high-energy  part  of  the  spectrum,  should  dominate  over  the 
low-angular-momentum  ones.  Third,  space  charge  effects,  which  could  prevent 
the  low-energy  electrons  from  escaping  from  the  interaction  region.  In  this 
paper,  after  a  brief  review  of  the  experimental  and  theoretical  material,  we 
present  and  discuss  new  experimental  results  obtained  in  a  regime  free  of  space 
charge  effects,  using  a  magnetic  collection  and  time-of-flight  technique.  In 
xenon  at  1064  nm,  the  main  results  are:  (i)  the  first  peak  of  the  ATI  spectrum 
is  suppressed  at  5xl0l2  w.cm“2  with  linear  polarization  and  at  a  lower  value  in 
circular  polarization.  For  both  polarizations,  the  peak  suppression  takes 
place  at  intensities  much  lower  than  the  saturation  intensity.  For  circular 
polarization,  the  effect  of  the  centrifugal  barrier  which  has  been  proposed 
recently  is  discussed,  with  the  conclusion  that  it  may  enhance  the  peak  supres- 
sion  which  remain,  fundamentally  an  intensity  effect. 
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ATOMIC  BEHAVIOR  IN  INTENSE,  HIGH-FREQUENCY  LASER  FIELDS 


M.  GAVRILA*,  J.Z.  KAMINSKI*>,  M.J.  OFFERHAUS®,  M.  PONT^  and  J.  VAN  DE  REE^^ 


®  FOM-Institute  for  Atomic  and  Molecular  Physics,  Kruistaan  407, 1098  SJ  Amsterdam,  The  Netherlands 
^Institute  of  Theoretical  Physics,  Warsaw  University,  00-681  Warsaw,  Poland 
^  Physics  Department,  University  of  Technology,  Eindhoven,  The  Netherlands 


A  theory  was  recently  developed  to  describe  electron-atom  interaction  in  intense, 
high-frequency  laser  fields  It  applies  to  the  intensities  and  frequencies  already  available  from 
excimer  lasers  in  the  VUV  but  extends  beyond,  to  the  X-ray  range. 

The  radiation  was  assumed  purely  monochromatic  (generalizations  to  a  laser  pulse  are  in 
progress).  By  a  Floquet  analysis,  the  Schrodinger  equation  was  reduced  to  an  infinite  set  of 
time-independent  coupled  equations  for  the  components  of  the  wave  function.  It  was  shown  that 
in  the  high-intensity,  high-frequency  limit,  these  reduce  to  a  single  energy-eigenvalue  type 
equation  containing  a  "dressed"  potential  of  axial  symmetry  (case  of  linear  polarization). 
Consequently  the  atom  is  stable  in  this  limit  (although  under  circumstances  strongly  distorted) 
and,  in  the  collision  problem,  only  elastic  scattering  can  occur.  At  high,  but  finite  frequencies 
(next  approximation),  multiphoton  transitions  become  possible  and  expressions  were  derived  for 
their  rates.  The  conditions  required  for  the  validity  of  these  results  were  carefully  investigated. 

The  theory  was  applied  so  far  to  one-electron  systems.  Exploratory  calculations  were  carried 
out  for  laser-modified  elastic  scattering  from  Coulomb  and  Yukawa  potentials  (submitted  for 
publication).  We  now  report  on  accurate  results  for  the  level  structure  and  multiphoton  ionization 
rates  of  atomic  hydrogen,  and  on  a  coupled  /-channel  calculation  for  elastic  scattering  and  free-free 
transitions  in  a  Coulomb  potential.  Both  cases  reveal  a  picture  different  from  that  known  at  low 
and  moderate  frequencies.  Thus,  in  Fig.  1  we  show  the  a^-dependence  of  the  ground  state  of 
hydrogen  (a^  =  l'^^  co'^  a.u.  is  the  only  parameter  entering  this  approximation).  As  apparent,  a 
dramatic  decrease  of  the  ionization  potential  takes  place  at  values  of  now  accessible 
experimentally.  This  contrasts  to  the  situation  in  other  radiation  regimes  and  has  far-reaching 
consequences  on  the  ionization  features  (e.g.  displacement  of  peaks  due  to  ponderomotoric 
effects,  etc.).  The  explicit  co-  and  I-dependence  of  the  excess-photon  ionization  (EPl/ATl)  peaks  is 
obtained. 

To  illustrate  the  collision  problem,  we  show  in  Fig.  2  the  scattering  angle  dependence  of  the 
ratio  R  =  (da/dfi)/(daj./dQ)  of  the  laser-modified  elastic  cross  section  to  the  original  Rutherford 
one.  (The  angles  0j  and  <j)  characterize  the  orientation  of  the  electron  initial  and  final  momenta  with 
respect  to  the  polarization  vector  and  will  not  be  defined  here).  At  small  angles  "Coulomb 
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interference  oscillations"  appear,  due  to  the  departure  of  the  dressed  potential  from  the  Coulomb 
form  close  to  the  nucleus.  For  larger  aQ-values,  the  scattering  can  be  strongly  manipulated  by 
varying  the  field. 
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Fig.  I 

aQ-dependence  of  ground  state  of 
hydrogen. 


Fig.  2 

Ratio  R  for  the  Coulomb  potential. 
Energy  0.1  Ry,  Oq  =  2,  6j  =  90°, 
())  as  indicated. 
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Multiple  Excitation  of  Atomic  Electrons 


Chris  H.  Greene 

Department  of  Physics  and  Astronomy 
Louisiana  State  University 
Baton  Rouge,  LA  70803 


The  strong  interactions  between  simultaneously-excited  electrons  require 
nonperturbati ve  theoretical  techniques  for  their  successful  description.  Two 
such  nonperturbati ve  techniques  which  have  been  pursued  vigorously  in  recent 
years  are  the  adiabatic  treatment  in  hyperspherical  coordinates  and  the  R- 
matrix  method.  Of  these,  the  hyperspherical  treatment,  which  singles  out  the 
total  electronic  moment  of  inertia  as  an  adiabatic  coordinate,  has  been  more 
valuable  in  providing  a  visual  picture  of  the  global  evolution  of  electron 
correlations  in  energy  and  radius.  The  R-matrix  method  has  evolved  instead 
into  a  simple,  efficient,  and  accurate  procedure  for  quantitative  calculations 
of  photoionization  and  scattering  processes.  To  date,  however,  the  applica¬ 
tions  of  this  finite-volume  variational  method  have  been  restricted  primarily 
to  the  lower-lying  doubly-excited  channels  of  any  given  atom  or  molecule. 

Hyperspherical  studies  have  recently  been  extended  to  a  wide  variety  of 
physical  systems,  including  the  ^2*'  and  HO'*'  molecules,  the  positronium 
negative  ion,  and  also  including  various  triatomic  molecules  within  the 
context  of  a  Born-Oppenheimer  approximation.  These  studies  have  clarified  the 
validity  of  an  adiabatic  treatment  of  the  moment-of-i nertia  coordinate,  while 
also  sharpening  our  understanding  of  its  major  shortcomings:  the  poor 
convergence  of  the  adiabatic  expansion  at  large  distances  and  at  high 
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energies.  Nevertheless,  calculations  of  the  potential  curves  for  these 
systems  and  for  "few-electron"  atoms  (He,  Be,  Mg,  Ca,  Li)  have  clearly  shown 
that  the  strongest  lower-lying  multiply-excited  states  are  predominantly 
reached  by  following  one  or  two  hyperspherical  pathways  which  are  well 
localized  in  configuration  space. 

Two  developments  within  the  past  year  have  suggested  that  the  task  of 
constructing  potential  curves  for  more  Interesting  open-shell  atoms  is  now 
within  our  grasp.  The  first  key  has  been  the  introduction  of  an  elegant 
fractional  parentage  expansion^  for  constructing  a  complete  set  of 
anti  symmetrized  harmonics  for  any  number  of  atomic  electrons.  The  second  has 
been  the  identification,  through  a  “predi agonal ization",  of  a  small  subset  of 
these  harmonics  which  dominate  the  Fourier  expansion  of  the  adiabatic 
hyperspherical  wavef unction.^ 

One  spectral  feature  which  has  come  into  increasingly  sharp  focus  is  the 
remarkable  regularity  of  atomic  spectra  along  a  row  of  the  periodic  table. 
This  has  emerged  both  from  experiment^  and  from  R-matrix  calculations^.  The 
current  status  of  our  understanding  of  this  property  will  be  reviewed  at  the 
meeting. 

1.  M.  Cavagnero,  Phys.  Rev.  A  2877  (1986). 
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3.  B.  Ruscic,  J.  P.  Greene,  and  J.  Berkowitz,  J.  Phys.  B  _1^,  1503  (1984); 
also  J7,  L79  (1984). 

4.  P.  F.  O'Mahony,  Phys.  Rev.  A  32,  908  (1985). 
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Doubly  Excited  States 

T.  F.  Gallagher 
Department  of  Physics 
University  of  Virginia 
Charlottesville,  Virginia  22901 

Doubly  excited  atoms,  with  two  excited  electrons,  occur  both  above  and  below  the  first  ioni¬ 
zation  limit.  The  interactions  between  the  doubly  excited  states  and  the  energetically  similar 
singly  excited  channels  are  manifested  by  autoionization  and  series  perturbations  in  these  two 
cases.  Historically  these  states  have  been  studied  by  ultraviolet  photo-absorption  from  the  ground 
state.  The  absorption  of  the  doubly  excited  state  can  be  thought  of  as  originating  in  the  small 
excited  state  admixture  of  the  ground  state.  This  absorption  is  neccessarily  weak  with  the  result 
that  it  is  comparable  to  direct  photoionization.  As  both  the  excitation  to  the  autoionizing  state 
and  the  excitation  to  the  continuum  lead  to  an  ion  and  an  electron  these  two  processes  interfere 
to  produce  the  familiar  Beutler  Fano  profile  characteristic  of  autoionizing  states. 

Using  laser  techniques  it  has  become  possible  to  drive  the  transitions  of  each  of  the  two 
electrons  separately  due  to  the  fact  that  several  photons  can  be  used.  This  can  be  done  either 
implicitly  in  true  multiphoton  excitation  or  explicitly  using  stepwise  excitation  of  real  levels.  The 
latter  affords  one  substantially  better  control  over  the  excitation  process. 

The  basis  of  the  stepwise  excitation  technique  is  easily  understood  by  considering  Ba  as  an 
example.  If  Ba  is  excited  from  its  ground  state  6s*  to  a  bound  6sn^  state  by  lasers  which  are  set 
to  fixed  wavelengths  the  6snt  state  serves  the  starting  point  for  the  excitation  of  the  doubly 
excited  6pn^  states.  The  laser  which  drives  the  6snl  -*  6pni  transition  is  scanned  in  wavelength 

across  the  6sni  — »  6pnl  transition  which  is  located  near  the  Ba^  6s  -  6p  transition.  In  most  cases 
the  observed  lineshape  is,  to  a  good  approximation,  a  Lorentzian  giving  the  immediately  the  posi¬ 
tion  and  width  of  the  autoionizing  state.  In  the  language  of  conventional  uv  spectroscopy  this 
corresponds  to  an  infinite  Fano  q  parameter,  which  occurs  when  there  is  no  continuum  excitation. 
Why  there  is  no  continuum  excitation  is  clear  from  a  simple  physical  picture  of  the  excitation.  In 
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the  6sn<  atom  we  drive  the  Ba^  6s  -*  6p  transition  and  the  outer  electron  is  a  spectator.  Thus 

the  large  oscillator  strength  of  the  Ba^  resonance  line  is  spread  over  the  few  wavenumbers  corres¬ 
ponding  to  the  width  of  the  6pal  state.  The  direct  continuum  absorption  of  the  nl  electron  is 
much  less  likely  due  to  the  gross  mismatch  between  the  spatial  oscillations  of  the  wave  functions 
of  an  n£  Rydberg  electron  and  a  2eV  continuum  electron  at  the  classical  turning  point  where  the 
Rydberg  electron  is  likely  to  be  found.  For  all  practical  purposes  the  excitation  is  only  to  the 
6pn£  state,  not  to  the  continuum. 

Applying  this  excitation  scheme  to  atoms  in  a  beam  allows  one  to  probe  many  facets  of  the 
doubly  excited  autoionizing  states.  First  one  can  measure  the  total  autoionization  rates  (radiative 
decay  is  asumed  to  be  negligible  by  comparison)  and  energies  of  the  autoinoizing  states.  For 
simpl':  autoionizing  series  the  multistep  method  has  no  great  advantage  over  conventional  uv  spec¬ 
troscopy,  but  for  cases  in  which  there  are  interacting  series  the  clarity  of  this  method  has  allowed 
the  spectra  to  be  untangled  for  the  first  time. 

The  use  of  an  atomic  beam  allows  the  use  of  more  sophisticated  techniques  than  can  be 
employed  in  absorption  spectroscopy.  Two  good  examples  are  the  detection  of  photons  from 
excited  ions  and  the  ejected  electrons.  Measurement  of  the  electron  energy  and  angular  distribu¬ 
tions  provides  much  more  detail  than  total  ionization  rates  since  the  final  state  of  the  ion  and 
electron  can  be  better  determined,  allowing  more  stringent  comparison  with  theory.  Perhaps  more 
interesting  though  is  the  fact  that  the  electron  spectroscopy  reveals  phenomena  that  are  masked  in 
the  total  autoionization  rate  measurements.  Examples  are  the  variation  of  asymmetry  parameters  a 
cross  perturbed  levels  and  along  perturbed  series.  Neither  of  these  occurs  for  unperturbed  autoi¬ 
onizing  series.  Similarly  the  inhibition  of  autoionization  to  specific  outgoing  channels  can  be 
observed  when  detecting  electrons,  a  phenomenon  which  is  masked  in  the  ion  spectrum.  The  det¬ 
ection  of  the  photons  from  the  excited  ions  produced  is  essentially  the  complement  of  the  detec¬ 
tion  of  energetic  electrons  and  provides  the  corresponding  information. 

This  work  has  been  supported  by  the  Department  of  Energy,  office  of  Basic  Energy  Sci¬ 
ences. 
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A  Pair  Description  of  Two-Electron  States 

A.  R.  P.  Rau 

Department  of  Physics  and  Astronomy 
Louisiana  State  University 
Baton  Rouge,  LA  7D803 

Two  electron  states  may  be  divided  into  two  classes.  Those  in  which  only 

one  electron  is  excited,  or  in  which  when  both  are  excited  they  have  very 

different  degrees  of  excitation,  form  a  group  distinct  from  those  in  which 

both  electrons  share  comparable  amounts  of  excitation.  Particularly  for  the 

latter,  an  appropriate  description  is  one  which  views  the  pair  of  electrons  as 

a  single  entity  from  the  start.  Such  states  have  been  called  "ridge  states" 

and  may  be  distinguished  from  the  other  group  of  states  with  disparate 

excitation  by  using  the  term  "planetary  states"  for  the  latter.  In  this 

contribution,  we  take  further  steps  in  the  evolving  description  of  a  basis  for 

two-electron  states  in  terms  of  the  pair.  Thereby  we  have  a  complementary 

description  and  basis  to  the  independent  particle  picture. 

2 

Whereas  conserved  quantities  like  H,  l  and  provide  a  complete 

labeling  for  one-electron  states,  the  corresponding  ones  for  two-electron 
2 

states  H,  L  ,  L^  and  u  (the  parity  operator  n  has  to  be  independently 
specified  unlike  in  the  one-electron  case),  where  these  are  the  operators  for 
the  full  system,  do  not  give  a  complete  specification.  In  the  independent 
particle  picture  the  extra  labels  to  make  the  specification  unique  come  from 

A  A 

the  independent  coordinates  rj^,  r^,  r^^  and  r^  and  the  corresponding  quantum 
numbers  N,  n,  and  (we  assume  N<n)  .  Because  of  the  electron- 
electron  interaction  these  are,  however,  not  conserved  and  the  more 
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correlation  there  is  in  the  system  the  more  is  the  mixing  of  values  of 
N,  n,  l-y  and  In  the  pair  description,  two  other  quantum  numbers  K  and 

T,  which  were  initially  developed  in  a  group  theoretic  scheme,  replace 

and  They  may  be  called  angular  correlation  quantum  numbers  and  are 

relevant  for  both  planetary  and  ridge  states  which  have  strong  correlations  of 
this  kind.  Another  quantum  number  A,  taking  on  the  values  ±1  or  0,  has  been 
introduced  to  denote  certain  aspects  of  the  radial  correlations.  In 
particular,  ridge  states  must  have  A  =  1  and  all  A  =  U  states  are  planetary 
states.  We  will  show  that  the  enumeration  and  classification  of  all  doubly 
excited  series  converging  to  a  single  electron  N  limit  can  be  carried  out 
purely  in  terms  of  pair  quantum  numbers  like  L,  u,  K  and  T  (and  S,  the  total 
spin,  if  spin  aspects  are  included),  removing  any  necessity  to  look  back  at 

^2  * 

For  ridge  states  N  and  n  also  are  more  appropriately  replaced  by  pair 
quantum  numbers.  In  particular,  a  pair  principal  quantum  number  v  to  go 
with  the  overall  "radius"  R  =  (r^  +  r^)  of  the  system,  together  with  a 
Rydberg  formula  appropriate  to  a  Coulomb  potential  in  R,  organize  the  two- 
electron  states.  As  with  single  electron  states  in  any  atom  other  than 
hydrogen,  the  Rydberg  formula  involves  parameters  such  as  the  quantum  defect 
with  a  dependence  on  the  other  quantum  numbers  -  in  our  case  on  K,  T,  L,  S  and 
n  .  Sequences  of  numerically  available  data  on  doubly  excited  states  have 
been  fitted  to  the  Rydberg  formula  to  extract  these  dependences  and  will  be 
I  presented.  Also  a  direct  calculation  of  the  two-electron  Hamiltonian 

appropriate  to  ridge  states,  namely  ~  ~  ^2  ’  presented  to  show  a 

sequence  of  energy  levels  with  precisely  the  structure  of  the  Rydberg 
I  expression  involving  v  .  These  are  all  elements  to  understand  further  the 

pair  description  and  pair  basis  for  two-electron  states. 
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Doubly  excited  states  have  been  in  the  focus  of  experimental  and  theore¬ 
tical  research  of  atomic  and  molecular  physics  for  a  number  of  decades.  An  out¬ 
standing  problem  in  this  field  is  the  so-called  Wannier  problem  (1-3).  The  rela¬ 
ted  progress  has  not  yet  been  able  to  provide  rigorous  quantum  mechanical,  many- 
electron  explanations  and  the  concepts  and  information  currently  employed  ace 
either  classical  or  semiquantitative. 

In  this  report  we  present  a  theory  for  the  a  priori  identification  and 
accurate  calculation  of  a  particular  class  of  doubly  excited  states  which  lead- 
as  a  function  of  excitation  energy-to  the  "Wannier  state"  at  the  two-electron  ioni¬ 
sation  threshold  of  any  atom  in  any  symmetry  (4).  The  theory  is  state-specific 
(5)  and  uses  suitably  defined  orthogonal  MCHF  zeroth-order  wavefunctions  which 
correspond  to  the  state  of  lowest  energy  in  each  manifold  defined  by  a  particular 
symmetry  in  each  shell.  The  choice  of  the  zero-order  wavefunctions  is  systematic 
and  allows  for  the  self-consistent  computation  of  the  most  important  angular  and 
radial  (i.e  beyond  the  hydrogen ic  Hamiltonian)  correlations.  The  remaining 
electron  correlation  is  added  variational ly  subject  to  specific  orthogonality  con 
straints . 

Our  first  application  is  to  the  Wannier  two-electron  ionisation 
ladder(TEIL)  in  h".  He  and  Li^.  We  offer  a  conceptualization  of  the  theory  in 
terms  of  conditional  probability  density  plots  which  show  how  the  localisation 
around  =  <^r2^  and<^9^ 2^=n  increases  as  a  function  of  the  principal  number  n 
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(we  went  up  to  n=10).  As  the  excitation  energy  increases,  the  significance  of 
the  radial  correlation  beyond  that  included  in  the  MCHF  zeroth-order  vector  is 
reduced  to  negligible  levels.  The  predicted  energies  and  corresponding  oscilla¬ 
tor  strenghts  should  be  observable  in  photoabsorption  experiments.  The  energies 
are  fitted  to  an  effective  Rydberg-like  formula  E^=  -  (Z-a)/(n+p)  .  For  H  , 
0=0.161,  u=0.354,  for  Heo=0.162,  p=0.160  and  for  Li'*’  o=0.168,  m=0.101.  Infor¬ 
mation  from  the  wave-functions  is  used  to  derive  the  angular  correlation  of  the 
two  electrons  emitted  at  threshold.  It  is  hoped  that  when  numerical  accuracy 
permits  it,  the  appropriate  extrapolation  of  the  two-electron  photoexcitation 
cross  section  to  threshold  will  allow  the  derivation  of  a  reliable  two-electron 
ionisation  law. 


1.  U.Fano,  Rep.  Prog.Phys.  97  (1983) 

2.  P.L.Altick,  J.Phys.  B^,  1841  (1985) 

3.  J.Macek  and  J.M.Feagin,  J.Phys.  B18,  2161  (1985) 
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The  effects  of  electron  correlation  in  atomic  and  molecular  systems  are  perhaps  most 
pronounced  in  negative  ions.  No  long-range  Coulomb  field  is  present  to  bind  an  additional  electron 
to  a  parent  state  of  a  neutral  atom.  The  stability  of  a  negative  ion  state  is  thus  usually  attributed  to 
one  of  two  alternative  mechanisms,  both  of  which  invoke  electron  correlation  phenomena: 
i)  polarization  of  the  parent  atom  provides  an  attractive  potential  in  which  an  electron  can  be  weakly 
bound;  ii)  two  electrons  orbit  a  singly-charged  positive  ion  in  a  highly  correlated  fashion,  so  that 
each  electron  is  effectively  subject  to  the  Coulomb  potential  of  a  fractional  charge.  These 
correspond  respectively  to  motions  in  the  valleys  and  upon  the  ridge  of  a  hyperspherical  potential 
surface.  Both  mechanisms  seem  capable  of  generating  the  long  series  of  resonances  converging  on 
the  parent  ionization  limit,  which  have  been  observed  in  most  negative  ion  systems.* 

We  are  attempting  to  identify  the  relative  importance  of  these  mechanisms  by  studying 
elemental  sequences.  An  example  of  our  approach  is  given  in  Fig.  1,  which  shows  calculated^'^’"* 
eigenphases  for  electron  scattering  by  Ne,  Na,  and  Mg  in  an  energy  range  containing  the  “b” 
resonance  of  Ne  and  the  threshold  shape  resonances  of  Na  and  Mg.  Eigenchannel  analysis  was 
used^  to  identify  the  “b”  resonance  as  involving  definite  LS  coupling  of  incident  and  excited  3s 
electrons  as  a  pair,  which  would  be  only  weakly  coupled  to  the  residual  2p^  core.  This  is 
characteristic  of  a  ridge  resonance.  Comparison  with  Na  substantiates  the  LS  identification,  since 
the  Na  coupling  scheme  is  unambiguous.  However,  the  Na  resonance  is  probably  a  valley  state, 
consisting  of  a  p  wave  weakly  trapped  in  an  extended  (  r  ~  20  aQ )  barrier  structure  formed  by 
centrifugal  and  polarization  potentials.^  Furthermore,  in  Mg  we  see  a  resonance  which  looks  very 
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similar,  even  though  the  parent  state  contains  two  rather  than  one  3s  electrons.  It  seems  reasonable 
to  identify  these  three  states  as  members  of  the  same  class.  Thus,  definite  LS  coupling  of  an 
excited  electron  pair  does  not  necessarily  imply  predominance  of  ridge  behavior. 


Permanent  address  for  CWC:  Photon  Physics  Group,  National  Bureau  of  Standards,  Gaithersburg,  MD  20899,  USA 
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Figure  1.  Eigenphases  for  electron  scattering  by  Ne,  Na,  and  Mg,  as  a  function  of  energy  with  respect  to  the  center 
of  gravity  of  the  3s  configuration  (ground  states  of  Na  and  Mg;  first  excited  ^configuration  of  Ne).  Thin  lines,  from  ref. 


configurations  are  indicated. 

Energy  above  3s  center  of  gravity  (eV) 


2:  Eigenphases  for  e  +  Ne,  symmetry,  open  channels  being  2p'^es,  2p^3s(^P°)£'p,  and  2p^3s(^P°)£"p.  Crosses  and 
points,  from  ref.  3:  e  +  Na,  respectively  ^P°  and  ^P°  symmetry,  open  chaimels  being  2p^sEp(^P°)  and  2p^3sep(^P°). 
Bold  line,  from  ref.4:  e  +  Mg,  ^P°  symmetry,  open  channel  being  2p^3s^cp.  Energies  of  states  in  the  3 


0  1  2 


2p®3s  Ne  2p®  3p 
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Novel  motions  in  highly  excited  two-electron  atoms 

Hubert  Klar 
Fachbereich  Physik 
Universitat  Kaiserslautern 
D-6750  Kaiserslautern 
West  Germany 


Novel  attracting  motions  consisting  of  periodic,  quasiperiodic  and 
chaotic  components  predict  a  new  resonance  formation  in  doubly  excited 
atoms.  Also  double  escape  correlations  are  analysed. 
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Inhibited  auto  ionization  in  multi  continua  systems 

V. Lange,  G.Renz,  U.Eichmann,  A.Zetsche  and  U.  Sandner 
Fak.  f.  Physik,  Univ.  Freiburg,  D70OO  Freiburg,  U.-  Germany 

The  phenomenon  of  ’’inhibited  autoionization”, which  has  recently 
received  considerable  attention,  occurs  whenever  the  direct  autoionizat ion 
amplitude  of  a  given  Rydberg  series  is  cancelled  by  interference  with 
indirect  autoionizat ion  through  a  neighboring  perturber  state.  Inhibited 
autoionization  thus  requires  at  least  a  three  channel  system,  one  open  and 
two  closed  channels,  where  it  was  first  observed  as  dramatic  reduction  of 
the  linewidth  of  the  autoionizing  Rydberg  series  in  the  vicinity  of  the 
perturber  " 

At  high  excitation  energies  autoionizing  Rydberg  atoms  are  very  unlikely 
approximate  three  channel  systems,  therefore  we  have  experimentally  and 
theoretically  studied  the  phenomenon  of  inhibited  autoionizat ion  in  a  more 
general  multi  channel  case.  Specifically,  we  have  investigated  the  decay  of 
the  Barium  C6p^/2"°^J-1  autoionizing  Rydberg  series  (labeled  as  channel  4  in 
the  following)  into  any  of  the  three  continua  Ba'^[6S|/2^  (channel  1), 
Ba'*^C5d3/2^  (channel  2),  and  Ba'*^[5d5/2]  (channel  3).  The  autoionizing  series 
is  perturbed  by  two  other  closed  channels,  Ba[6p3/2''®^ J-1  (channel  5)  and 
BaC6p3y2''<^^  J-1  (channel  6),  respectively.  Theoretical  analysis  of  the 
problem,  following  the  lines  of  ref.  1,  yields  the  total  normalized 

*7 

linewidth  of  the  autoionizing  series  as  the  sum  of  the  three  partial 

’7 

equivalent  widths  into  the  three  continua  i“l,2,  and  3.  Each  Tj  is 

given  by 

Tj  -  (2/jr)  Zj2/N 

with 

+  Rj^tanA(v+65)tanJt(v+60)  -  Rj^R^^gtanAfv+SQ) 

-  Rj0R^0tanA(v+63) . 

N  is  a  function  of  the  interaction  matrix  elements  Rjj^  and  phase  shifts 
6|^  similar  to  Zj ,  but  common  to  all  decay  channels,  and  y  -  ~  y0.  The 

numerators  Zj  are  quadratic  in  the  energy  parameter  tan  Ky,  thus  allowing 
for  either  two,  one,  or  no  real  zero  in  any  of  the  partial  decay  rates.  Even 
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if  zeros  (inhibited  auto  ionization)  occur  in  more  than  one  continuum  they 
do,  in  general,  not  coincide  in  energy,  making  the  total  linewidth 
insensitive  to  the  phenomenon.  The  branching  ratio,  on  the  other  hand,  and, 
hence,  the  population  distribution  of  the  final  Ba'*'  ions  is  strongly 
af  fected. 

Experimentally,  we  have  used  high  resolution  t ime-of-f 1 ight  spectroscopy 
of  the  auto ionization  electrons  to  observe  the  partial  decay  rates  into  the 
three  continue.  As  demonstrated  in  fig.  1  inhibited  auto  ionization  has  been 
found  in  the  decay  of  the  [6p|/2'^s]  -  states  into  the  Ba^[5d5/2l  continuum 
around  n  -  27  (v’y^odl  ^  0-6i  whereby  preliminary  numerical  fitting  suggests 
another  narrow  zero  around  -  0.8).  By  comparison  of  the  three  decay 
rates  at  various  energies  we  found  that  the  population  distribution  of  ions 
can  very  effectively  be  varied  through  the  proper  choice  of  the  auto  ionizing 
state  through  which  the  ions  are  created.  In  principle,  inhibited 
auto  ionization  may  lead  to  complete  population  inversion  in  multi  continue 
systems,  which  appears  as  very  attractive  feature  in  the  improvement  of 
auto  ionization  pumped  UV  -  lasers. 

1  U.E.  Cooke  and  C.L.  Cromer,  Phys.Rev.A  32  (1985)  2725 

2  J.  Neukammer,  H.Rinneberg,  G.Jbnsson,  U.E. Cooke,  H. Hieronymus,  A.Konig, 


K.Vietzke  and  H.Spinger-Bolk,  Phys .Rev. Lett .  55  (1985)  1978 


rates  of  the  Ba[6p|/2^^^^  state  into  the  continue  1,2,  and  3,  with  inhibited 
autoionizat ion  occur ing  in  continuum  3.  b*  "Regular”  autoionizat ion  electron 
spectrum,  shown  for  comparison  (Ba[6p|/2^^^^  state). 
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Multiply  charged  ions  and  energy  spectrum  of  electrons  in  multiphoton 

ionization 
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The  different  aspects  of  the  multiphoton  ionization  of  one-electron 
atoms  are  now  well  understood.  They  can  be  described  by  rigourous 
theoretical  models  in  the  framework  of  perturbation  theory.  Recently 
emphasis  has  been  given  to  two  new  developments  :  (1)  the  production  of 
multiply  charged  ions  from  many-electron  atoms,  (2)  the  investigation  of 
electron  energy  spectra  produced  in  multiphoton  ionization  of  atoms. 

The  interaction  between  an  intense  laser  pulse  and  many-electron  atoms 
leads  to  the  removal  of  several  electrons  and  the  production  of  multiply 
charged  ions.  Up  to  Xe^'*'  ions  have  been  observed  at  1064  nm  and 

10^^  Wcm~^  and  up  tp  Xe®'*’  ions  at  193  nm  and  10^^  Wcm“^  corresponding  to  the 
removal  of  all  the  electrons  of  the  external  shell.  The  production  of  doubly 
charged  ions  have  been  investigated  in  detail.  Two  mechanisms  have  been 
proposed  to  explain  the  formation  of  doubly  charged  ions  through  multiphoton 
absorption  ;  a  "direct"  process  in  which  two  electrons  are  simultaneously 
removed  from  the  atom  ;  a  "sequential"  process  which  consists  of  successive 
ionizations  of  the  neutral  atom  and  the  singly  charged  ion.  The  conditions 
under  which  one  of  these  processes  dominates  are  determined  mainly  by  the 
wavelength  and  intensity  of  the  laser  field.  At  long  laser  wavelengths  such 
as  1064  nm,  doubly  charged  ions  are  produced  through  the  simultaneous 

removal  of  two  electrons  from  the  neutral  atom  when  the  laser  intensity  is 
below  the  saturation  intensity  1^,  while  the  stepwise  process  becomes 
dominant  when  the  laser  intensity  is  increased  beyond  the  intensity  Ig.  In 
contrast,  at  short  wavelengths,  double  ionizaton  always  proceeds  in  a 
stepwise  proces  via  singly  charged  ions.  It  should  be  pointed  out  that  the 

ratio  of  singly  to  doubly  charged  ions  for  laser  intensity  below  Ig  never 

exceeds  1.5x10  at  1064  nm.  This  wavelength  effect  is  even  more  emphasized 
in  He. 

The  energy  spectrum  of  electrons  produced  in  the  multiphoton  ionization 
of  rare  gases  has  shown  unexpected  features.  The  energy  spectrum  does  not 
correspond  to  a  single  peak  as  expected  from  N-photon  ionization  described 
by  the  lowest  order  perturbation  theory.  The  energy  spectrum  generally 
consists  of  a  series  of  peaks  evenly  spaced  by  an  amount  equal  to  the  photon 
energy.  The  number  of  peaks  strongly  depends  on  laser  wavelength.  For 
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example,  at  short  wavelengths,  the  electron  energy  spectrum  consists  of  a 

main  peak  and  a  very  small  peak  which  correspond  to  the  absorption  of  one 

additional  photon  with  Xe.  In  contrast,  the  energy  spectrum  of  electrons 

produced  at  longer  wavelength  such  as  1064  nm  consists  of  a  very  large 

number  of  electron  peaks,  which  correspond  to  the  absorption  of  a  very  large 

number  of  additional  photons,  typically  10  to  100  in  the  10^^  -  10^^  Wcm“^ 

range.  Furthermore,  the  electron  energy  distribution  is  very  much  changed 

when  the  laser  intensity  is  increased.  This  leads  to  the  disappearance  of 

the  first  peak  in  Xe  at  1064  nm  and  about  10  Wcm  ,  while  the  first  27 

IS  0 

peaks  disappear  in  He  at  10  Wcm"  .  This  is  a  typical  example  of  high 
intensity  laser  processes. 

A  model  will  be  presented  to  successfully  explain  peak  disappearance. 
There  are  two  key  points  in  the  physical  description  of  the  process  ;  (1) 
after  having  absorbed  N  photons  in  the  bound-state  spectrum  of  the  atom,  the 
electron  does  not  emerge  in  vacuum  but  in  a  strong  external  field.  That 
means  that  the  final  energy  should  not  be  =  -Ej^  +  E^  +  A 

where  A  =  e^E^/4mw^  represents  the  quiver  energy  of  the  particle  in  the 
laser  field.  This  additional  energy  is  obtained  by  absorbing  S  extra  photons 
by  multiphoton  semi-inverse  Bremsstralhung,  so  that  E^  +  A  =  Eq  +S(<m. 
Therefore  S  >  A  -  E^/Kw.  The  S  peaks  of  the  electon  spectrum  which  do  not 
satisfy  this  condition  are  thus  cancelled  out.  (2)  The  second  key  point  is 
that  the  electron  does  not  lose  nor  gain  energy  when  leaving  the  traveling 
wave.  This  is  due  to  the  fact  that  the  particle  stops  oscillating  and  loses 
its  quiver  energy  A  but  is  accelerated  by  the  so-called  ponderomotive  force 
and  gains  A  •  As  a  result,  the  electron  energy  is  -E^^  +  (N+S)Kw,  provided 
that  S  >  A  -  Eq/Hw.  The  disappearance  of  electron  peaks  stongly  depends  on 
laser  frequency.  This  is  in  good  agreement  with  experimental  results. 

This  picture  is  at  variance  with  previous  developed  model  of  Muller  and 
Tip  which  provides  a  different  explanation  for  the  disappearance  of  the 
first  Xe  electron  peak  at  1064  nm.  It  is  based  on  laser-induced  shift  in 
ionization  energy.  The  linear  increase  in  ionization  energy  as  a  function  of 
the  laser  intensity  gradually  makes  the  Nth-order  photon  absorption 
energetically  impossible,  leading  to  the  suppression  of  the  first  electron 
peak  of  the  electron  distribution.  But  this  supposed  laser-induced  increase 
in  the  ionization  potential  of  an  atom  is  not  at  all  consistent  with 
previous  accurate  multiphoton  ionization  ion  measurement,  as  well  as  with 
slopes  measurements  than  with  laser-induced  ionization  energy  shift  of  Kr 
which  shows  an  ionization  energy  shift  of  86  1  6  cm"^  by  the  laser  pulse  at 
2x10^^  Wcm"^.  This  shift  of  10  meV  should  have  negligible  consequences  on 
electron  energy  spectra  measurements. 
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MANY-ELECTRON  DYNAMICS 
OF  HEAVY  ATOMS  IN  INTENSE  LASER  FIELDS. 
EFFECTS  OF  SCREENING  AND  CORRELATION 

by 

Goran  Wendin.  Lars  Jonsson,  and  Anne  L'Huillier 
Institute  of  Theoretical  Physics,  Chalmers  University  of  Technology, 
S-41296  Goteborg.  Sweden 


In  this  talk  we  shall  discuss  the  role  of  collective  effects  in  multiphoton-multielectron  ionization 
of  heavy  atoms.  In  recent  work  /  1, 2/  we  have  developed  a  theoretical  description  of  multiphoton 
ionization  which  takes  into  account  effects  of  many-electron  screening  and  introduces  an  effective 
laser  intensity.  This  is  accomplished  by  introducing  a  RPA-type  of  dynamically  screened 
electron-photon  coupling.  Since  every  electron-photon  interaction  operator  is  screened,  our 
approach  includes  multiply  excited  intermediate  levels  and  provides  a  description  of  dynamic 
non-linear  response. 

We  shall  present  results  of  an  application  to  2-photon  1 -electron  ionization  of  the  5p-shell  of 
xenon  in  the  photon  energy  region  0.45-1.4  Ry.  This  includes  the  ATI  region  with  free-free  ioni¬ 
zation.  We  have  calculated  the  non-linear  dynamic  response  using  both  a  local-density  (LDA)  and  a 
Hartree-Fock  basis.  In  both  approaches,  screening  of  the  laser  field  leads  to  a  dramatic  change  of 
the  ionization  cross  section,  and  on  the  average  the  two  methods  give  the  same  results.  There  is  a 
huge  reduction  relative  to  the  independent  electron  approximation,  and  there  are  important  new 
contributions  associated  with  the  non-linear  response  (double-excitations).  Screening  of  only  the 
"first"  photon  (linear  response)  leads  to  important  differences  everywhere  and  to  huge  differences 
in  the  ATI  region. 

Finally  we  plan  to  discuss  briefly  different  aspects  of  many-electron  effects  in  direct  and 
stepwise  multielectron  ionization. 

1.  G.  Wendin,  L.  Jonsson  and  A.  L'Huillier,  Phys.  Rev.  Lett.  5S,  1241  (1986) 

2.  A.  LHuillier,  L.  Jonsson  and  G.  Wendin,  Phys.  Rev.  A  (June  1986) 
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TIME  DEPENDENT  HARTREE  FOCK  THEORY  OF  MULTIPHOTON  IONIZATION 

Kenneth  C.  Kulander 

Theoretical  Atomic  and  Molecular  Physics  (TAMP)  Group 
Lawrence  Livermore  National  Laboratory 
Livermore,  California  9A550 

The  theory  of  multiphoton  ionization  for  single  electron  atoms  (or 

pseudo-one  electron  atoms  such  as  sodium  and  cesium)  is  relatively  well 

established  from  the  standpoint  of  the  knowing  the  relevant  equations  to 

be  solved  and  interpreting  the  results.  There  is  still  some  debate  about 

the  above  threshold  effects,  but  ionization  rates  have  been  calculated 

for  high  order  processes,  and  the  results  agree  well  with  experiment. 

This  is  not  the  case  for  multi-electron  systems.  In  the  limit  of  laser 

fields  which  are  very  strong  compared  to  the  Coulombic  interactions, 

collective  motion  should  be  expected.  At  lower  laser  Intensities,  linear 

response  theory  or  perturbation  theory  has  proven  to  be  adequate  to  model 

the  absorption  processes.  In  this  regime,  the  inter-electronic  forces 

are  stronger  than  the  photon-electron  interaction  so  that  the 

perturbation  series  is  convergent.  For  the  intermediate  regime,  say 
lA  2 

>10  W/cm  ,  these  two  kinds  of  interactions  should  be  treated  on  the 
same  footing.  A  complete,  exact,  many  body  calculation  for  this  problem 
is  not  possible  so  that  several  approximations  have  been  considered. 
Independent  particle  models  seem  to  be  the  most  reasonable,  with  time 
dependent  Hartree  Fock  being  able  to  include  most  of  the  important 
physical  effects,  particularly  as  the  number  of  electrons  increases.  The 
major  approximation  of  this  approach  is  that  the  state  of  the  system  is 
represented  by  a  single,  determinantal  wave  function  for  all  time.  This 
constraint  limits  the  kinds  of  information  which  can  be  obtained  from  the 
calculations  to  averaged  quantities.  It  has  the  merit,  however,  of 
including  the  effects  of  the  time  evolution  of  the  electronic  charge 
density  on  the  absorption  process.  The  redistribution  of  absorbed  energy 
between  all  the  system's  electrons,  and  the  rate  at  which  this  occurs  is 
part  and  parcel  of  the  calculations.  This  energy  exchange  is  done  self 
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consistently  so  that  an  understanding  of  the  total  absorption  dynamics  is 
possible.  This  seems  a  minimum  requirement  in  order  to  investigate  any 
collective  effects. 

We  have  studied  helium  using  a  single,  doubly  occupied  orbital  to 

represent  the  time  evolving  state.  We  calculate  ionization  rates  for 

532nm  photons  (an  11th  order  process)  and  compare  those  to  results  where 

one  of  the  electrons  is  fixed  in  its  initial  ground  state  orbital.  The 

second  model  eliminates  any  possible  collective  effects,  but  in  both 

cases  the  active  electrons  are  absorbing  energy  from  the  photon  field  in 

the  presence  of  the  field  of  the  other  electron.  Our  results  show  that 

15  2 

for  field  strengths  up  to  10  W/cm  the  ionization  rates  are 
independent  of  the  freedom  of  the  second  electron.  This  is  consistent 
with  experiments  which  produce  only  singly  ionized  helium  at  these 
intensities. 

The  calculations  are  carried  out  using  a  finite  difference  grid  in 
two  of  the  spatial  dimensions  and  a  basis  expansion  in  the  third. 

Assuming  the  laser  is  linearly  polarized,  the  problem  is  symmetric  about 
the  axis  of  polarization  so  that  a  limited  number  of  basis  functions  in 
the  azimuthal  coordinate  is  required.  The  time  propagation  of  the 
electronic  wave  function  is  performed  using  the  alternating  direction, 
implicit  method  of  Peaceman  and  Rachford.  The  time  evolution  of  the 
initial,  ground  state  wave  function  is  followed  through  a  "slow”  turn  on 
of  the  matter-field  interaction.  The  field  reaches  its  maximum  intensity 
after  10-20  periods  and  is  constant  thereafter.  The  rate  of  ionization 
is  determined  by  either  projection  onto  bound  states  or  absorption  of 
flux  at  the  boundaries  of  the  spatial  grid.  Other  physical  parameters  of 
interest  such  as  the  orbital  energies,  expectation  values  of  z  and  p, 
etc.  are  monitored  also.  The  results  of  the  calculations  are  expected  to 
provide  new  insight  into  the  absorption  dynamics. 
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DYNAMICS  IN  INTENSE  FIELDS  -  BEYOND  THE  DIPOLE  APPROXIMATION 
Andrg  D.  BANDRADK,  O.F.  KALMAN 

Departement  de  chlmle,  Faculte  des  sciences 
Unlverslte  de  Sherbrooke,  Que.,  Canada.  JIK  2R1. 


We  have  recently  shown  in  a  series  of  papers  [1~7]  that  coupled 
equations  methods  of  quantum  collision  theory  can  be  conveniently  used  to 
investigate  processes  such  as  direct  photodissociation  [1-2],  Resonance 
Raman  Scattering  in  weak  and  strong  fields  [3-5],  and  higher  order  nonli¬ 
near  spectroscopies  [6-7]  for  dlatomlcs  involving  several  well  isolated 
excited  electronic  states.  This  was  done  using  the  dressed  molecule  pic¬ 
ture  [8-12]  of  molecule-radiation  interaction,  wherein  photon  states  are 
explicitly  Included  into  the  theoretical  description.  All  these  methods 
are  adequate  only  in  the  case  of  well  Isolated  electronic  states.  There 
is  an  urgent  need  to  derive  a  priori  the  most  efficient  representation 
for  general  electron-nuclear-radlatlon  field  systems  such  as  occurs  in 
strong  field  laser  chemistry.  In  recent  work  we  have  examined  this  pro¬ 
blem  in  an  effort  to  Incorporate  as  much  as  possible  the  electromagnetic 
field  into  the  dynamics  [13-14].  One  might  surmise  that  classical 
approaches  should  work  sufficiently  well  at  the  high  field  intensities 
described  here,  and  much  work  has  been  pursued  in  that  direction.  As  we 
have  pointed  out  previously,  this  Involves  treating  both  the  molecule  and 
the  field  classically.  For  electron-radiation  interactions  one  would 
prefer  a  quantum  formulation,  since  electronic  states  are,  as  a  result  of 
their  large  excitation  energies,  true  quantum  states.  Furthermore,  quan¬ 
tum  mechanics  leads  to  a  linear  theory  of  interactions  whereas  classical 
mechanics  is  a  highly  nonlinear  theory  [15].  Thus  using  a  quantum  formu¬ 
lation  of  matter-  field  interactions  [16-17],  we  have  been  able  to  ex¬ 
ploit  methods  of  early  (non-covariant)  quantum  electrodynamics  (QED).  In 
particular  we  have  shown  that  the  Bloch-Nordsieck  (BN)  representation 
[18-20]  (which  leads  naturally  to  the  concept  of  coherent  states  in  mo¬ 
mentum  spac^was  very  convenient  as  a  method  of  introducing  strong  field 
effects  directly  into  the  quantum  dynamics  of  molecular  systems.  Coulomb 
gauge  (A.p)  and  Electric  Field  Gauge  (^.r)  representations  were  shown  to 
be  poor  zeroth  order  approximations  for  the  dressed  molecular  eigenstates 
in  the  presence  of  strong  fields,  l.e.,  the  adiabatic  coupled  equations 
for  the  latter  two  gauges  define  the  appropriate  adiabatic  state  as  un¬ 
perturbed  (zero  field)  molecular  states  [13-  14]. 
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In  the  present  work,  we  continue  to  explore  the  application  of 
the  Bloch-Nordsieck  representation  to  intense  field-molecule  interac¬ 
tions.  In  particular  we  shall  examine  corrections  beyond  the  dipole 
approximation.  Although  normally  higher  order  contributions  such  as 
electric  quadrupole  and  magnetic  dipole  interactions  are  proportional  to 
(kr)'^where  n  is  the  order  of  the  multipole,  k  =  2tiX~^  (photon),  so  that 
kr  <<  I  for  Infrared  and  visible  radiation,  strong  fields  impart  an  os¬ 
cillatory  motion  to  the  electron  which  can  invalidate  the  dipole  approxi¬ 
mation  .  Thus  for  the  case  of  a  circularly  polarised  Incident  wave 
of  amplitude  E,  the  electron  follows  the  field  in  a  circle  with  angular 

velocity  ui  equal  to  that  of  the  wave,  so  that  eE  =  moj^r  =  mojv.  This 

eE/k 

gives  v/c  =  eE/moJC  =  —^2*  eE/k  is  essentially  the  potential  difference 
across  one  wavelength  and  mc^  is  the  electron  rest  mass  energy.  Compa¬ 
ring  with  kr,  we  obtain  kr  =  (■^)  (“T")  -  v/c.  This  simple  exercise 
shows  us  that  field  induced  distortions  of  electron  orbits  can  render  the 
dipole  approximation  inoperative  at  high  fields,  especially  for  low  fre¬ 
quencies  which  give  rise  to  field  induced  tunnelling  [21].  As  an  exam¬ 
ple,  for  v/c  ^  1,  one  obtains  E  »  3  x  10®  volts/ X,  so  that  for  a  CO  2 
laser  (X  =  1000  cra“^),  E  =  3  x  10^  V/cm  which  is  essentially  the  hydrogen 
ground  state  Coulomb  atomic  potential.  We  thus  conclude  that  for  field 
intensities  beyond  10^°  W/cra^,  one  has  to  worry  simultaneously  about 
nonperturbat ive  interactions  of  electronic  states  as  well  as  corrections 
to  the  dipole  approximation.  It  is  the  purpose  of  this  work  to  focus  on 
extending  the  Bloch  Nordsieck  (BN)  approach  beyond  the  dipole  approxima¬ 
tion  and  compare  it  to  Electric  Field  (EF )  formulations.  Finally  it  is 
clear  from  the  above  discussion,  that  when  multipole  contributions  become 
Important,  i.e.  v/c  approaches  unity,  one  should  also,  in  principle, 
consider  relativistic  corrections.  This  question  will  be  addressed  in 
future  work  on  this  subject. 
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Dressing  to  the  Hydrogen  Atoa  In  an  Eztreaely 
Intense  Laser  Field 
M.  Janjusevlc  and  M.H.  Mlttleman 
Physics  Department,  The  City  College  of  New  York 

New  York,  NY  10031 

The  mutliphoton  Ionization  rate  of  atoms  in  intense  laser 
field  is  profoundly  affected  by  the  "dressing"  of  the  states  of  the 
atom  by  the  field.  For  example,  the  continuum  threshold  is  known 
to  be  shifted  upward  by  the  ponderomotive  potential.  However, 
little  has  been  done  on  the  dressing  of  the  initial  (ground)  state 
beyond  lowest  order  perturbation  theory.  This  is  insufficient  for 
intense  lasers  and  this  dressing  is  at  least  as  important  to  the 
process  as  the  shift  mentioned  above. 

We  have  rederived  an  equation  for  the  dressed  bound  state  of 
the  H  atom.  It  can  be  interpreted  as  an  H  atom  in  a  dielectric 
medium  (provided  by  the  laser).  One  immediate  result  is  that  the 
level  shift  is  the  ponderomotive  potential  plus  smaller  terms. 
Therefore,  the  effect  of  the  shift  of  the  continuum  by  the 
ponderomotive  potential  is  canceled  in  the  calculation  of  the 
ionization  potential.  The  remaining  intensity  dependent  terms  of 
the  ionization  potential  are  smaller,  and  are  being  obtained 
numerically. 

The  applicability  of  the  theory  to  other  atoms  will  be 
discussed. 
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INVERSE  HALF-BREMSSTRAHLUNG  IN  MULTIPHOTON 
IONIZATION  OF  ATOMS  IN  INTENSE  LIGHT  BEAMS 

Joseph  Kupersztych 

Service  de  Physique  des  Atomes  et  des  Surfaces 
Centre  d'Etudes  Nucl^aires  de  Saclay 
91191  Gif-sur-Yvette,  FRANCE 


It  is  shown  that  absorption  of  the  minimum  number  of  photons 
needed  to  ionize  an  atom  in  a  light  beam  of  moderate  intensity  is  no 
longer  energetically  possible  when  the  external  field  is  strong. 
However,  subsequent  absorption  of  a  large  number  of  photons  by  the 
"emerging"  electron  in  the  field  of  its  parent  ion  can  occur  via  mul- 
tiphoton  inverse  "half-Bremsstrahlung"  and  ionization  is  possible 
again.  This  new  theory  leads  to  a  simple  interpretation  of  the 
appearance  of  a  large  number  of  peaks  in  the  electron  spectrum  togeth¬ 
er  with  the  disappearance  of  the  low-energy  peaks.  The  roles  played 
by  the  laser  intensity  and  wavelength  are  singled  out,  and  quantita¬ 
tive  agreement  is  found  between  the  conclusions  of  the  present  theory 
and  existing  experimental  data.  Furthermore,  using  an  argument 
developped  in  a  recent  paper  (Phys.  Rev.  Lett.,  54,  1385  (1985)),  it 
is  demonstrated  that  the  ponderomotive  force  does  not  contribute  to 
any  modification  of  the  energy  of  the  electron  when  it  leaves  the 
laser  beam.  An  intuitive  physical  explanation  of  this  fact  is  given. 
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W.  Becker/  R.  R.  Schlicher/  M.  O.  Scully 

Center  for  Advanced  Studies 
Department  of  Physics  and  Astronomy 
University  of  New  Mexico 
Albuquerque/  NM  87131 

With  the  goal  in  mind  to  separate  final  state  effects  due  to  the 

interaction  of  the  ejected  electron  with  the  laser  field  from  dynamical  effects 

associated  with  the  process  of  ionization/  we  investigate  the  following  simple 

model:  We  assume  an  effective  interaction  that  just  lifts  the  electron  into 

the  continuum  via  absorption  of  the  minimum  number  N  of  photons  which  is 

necessary  to  overcome  the  ionization  potential  (defined  in  the  absence  of  the 

field).  The  effective  interaction  is  left  unspecified  except  its  matrix 

N/2 

element  is  assumed  to  be  proportional  to  I  with  I  the  intensity  of  the  laser 
field.  As  soon  as  the  electron  is  free  we  assume  it  only  feels  the  laser  field 
and/  consequently/  is  described  by  the  so-c-lled  Volkov  solution  which  provides 
an  exact  solution  for  an  electron  in  an  external  plane  wave  field.  For 
simplicity/  we  also  adopt  the  long  wavelength  approximation  for  the  laser 
field.  For  the  initial  atom  and  the  final  ion  we  take  the  unperturbed  wave 
functions  and  we  also  disregard  the  recoil  imparted  to  the  ion.  Altogether/ 
this  is  essentially  the  Keldysh  approximation.  It  turns  out  that  boundary 
conditions/  i.e.  the  way  the  electrons  leaves  the  laser  pulse/  are  of  vital 
importance.^  In  order  to  explain  the  experimentally  observed  absence  of 
intensity-dependent  shifts  in  the  electron  spectra  we  have  to  assume  that  the 
electron  leaves  the  electron  pulse  on  the  side  rather  than  being  passed  over  by 
the  pulse.  Under  these  conditions/  we  also  obtain  the  total  suppression  of  the 
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low-lying  peaks  of  the  electron  distribution  with  increasing  intensity  which  is 

2  3 

impressively  born  out  by  recent  experiments.  ’  The  mechanism  can  be  ascribed 
to  the  ponderomotive  potential  which  adds  to  the  ionization  potential.  When 
the  electron  leaves  the  pulse  on  one  side  the  energy  corresponding  to  the 
ponderomotive  potential  is  converted  into  kinetic  energy. 

The  heights  of  the  peaks  of  the  resulting  electron  spectra  are  given  in 
terms  of  ordinary  or  generalized  Eessel  functions  for  a  circularly  or  linearly 
polarized  laser  field/  respectively.  The  calculated  spectra  exhibit  all  the 
universal  features  of  the  experimental  data  aside  from  the  widths  of  the 
latter.  In  view  of  the  simplicity  of  the  model  it  is  not  surprising  that 
quantitative  agreement  with  the  data ^  could  not  be  achieved/  in  general.  At 
higher  intensities  significant  differences  between  linear  and  circular 
polarization  begin  to  show  up. 

1.  T.  W.  B.  Kibble/  Phys.  Rev.  150  (1966)  1060. 

2.  L.  A.  Lompre/  A.  L'Huillier/  G.  Mainfray/  and  C.  ManuS/  J.  Opt.  Soc.  Am.  E2 
(1985)  1906. 

3.  B.  W.  Boreharr  and  B.  Luther-Davies/  J.  Appl.  Phys.  (1979)  2533. 

4.  H.  G.  Muller/  A.  Tip/  and  M.  J.  van  der  Wiel/  J.  Phys.  B16  (1983)  L678. 
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Strong  Field  Laser  Ionization  of  Model  Atoms 
M.S.  Pindzola 

Department  of  Physics,  Auburn  University,  Auburn,  AL  36849 

and 

C.  Bottcher 

Physics  Division,  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN  37830 


Recent  experiments  on  the  ionization  of  atoms  under  strong  field  lasers 
has  renewed  interest  in  the  theoretical  modeling  and  calculation  of  such 
nonperturbative  processes.  A  promising  calculational  method  is  the  direct 
solution  of  the  time-dependent  Schrodinger  equation  using  numerical  tech¬ 
niques  developed  to  solve  parabolic  partial  differential  equations  on  vector 
processing  computers.  We  are  currently  working  on  numerical  solutions  to 
the  one-dimensional  ecjuation  (in  atomic  units)  : 


i  3vtr(r,t)  ^  1_ 

at  "2 


^V(r,t) 

ar2 


+  V(r,t)  V(r,t) 


r 


where  V(r,t)  is  a  finite  square  well  potential  subject  to  an  arbitrarily 
strong  electromagnetic  field.  We  have  used  the  Galerkin  method  with  linear 
tent  finite  elements  to  check  the  one  bound  state  results  of  Goldberg  and 
Shore^  and  the  two  bound  state  results  of  Austin^-  We  plan  to  use  the 
Galerkin  or  collocation  method  with  B-spline  finite  elements  to  investigate 
the  one-dimensional  Coulomb  problem.  The  most  favorable  numerical  method 
will  be  extended  to  two  or  more  dimensions. 


1.  A.  Goldberg  and  B.W.  Shore,  J.  Phys.  Bll,  3339  (1978) . 

2.  E.J.  Austin,  J.  Phys.  B12,  4045  (1978). 
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General  Relativistic  Ponderomotive  Force  in  a  Moving  Medium 

Zhu  Shi tong 

(Shan^ai  Institute  of  Optics  and  Fine  Mechanics, 

Academia  Sinica,  P.O.Box  8211,  China) 

Shen  Wenda 

(Department  of  Physics,  Shanghai  University  of 
Science  and  Technology,  Tel:  506846,  China) 

ponderomotive  force  is  an  important  factor  in  intense  field 
electrodynamics  and  plays  a  fundamental  role  in  the  ultrapowerful 
laser  interaction  with  free  electrons,  atoms  and  plasma  and  in 
determining  the  electron  energy  spectrum  in  multiple-  photon 
ionization.  Therfore,  the  study  of  the  ponderomotive  force  and 
its  various  effects  has  stimulated  people's  great  interest. 

Nonrelativistic  and  relativistic  forms  of  ponderomotive  force 
/1  / 

have  been  derived'  ,  but  these  results  are  based  on  a  single 
particle  model  and  take  no  account  of  the  collective  effect  of 
surrovinding  particles.  Obviously,  they  are  not  quite  suitable  to 
+he  media  such  as  plasma,  and  solid  material. 

In  this  paper,  the  first  general  covariant  derivation  of  the 
ponderomotive  force  is  given,  by  using  the  concept  of  "optic 
metric"  =  g^^  +  (l  -  frame  of  the  general 

theory  of  relativity,  in  which  the  "optic  metric"  is  equivalent 
to  the  "collective  effect".  For  an  arbitrarily  polarized  li^t 
with  frequency  cD,  wave  number  k  and  four-vector 
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Zhu  Shltong  et  al..  General  Relativistic  Ponderomotive  Force... 

Ag  =  a^E^(x)sin(kx  -iOt) 

A-  =  -  ao®  (x)cos(kx  -cJt  +  S  ) 
j  ^  o 

we  obtain  the  expression  for  the  general  relativistic  pondero¬ 

motive  force  in  the  medium  moving  with  constant  velocity 

1/  1/  2 

P  =  ( =  (£/)4(-  X] 

Jo  V 

Here  X  and  V  ,  similar  to  X  and  ^  in  Ref./l/,  depend  on  the 
"optic  metric"  apart  from  the  li^t  field.  The  discussion  of  se¬ 
veral  special  cases  has  shown  that  the  effective  non-linear  force 
feff  acting  on  a  single  particle  in  static  medium  is  different 
from  that  in  vacuum.  The  previous  derived  expression  is  valid  in 
some  range  only  if  the  ponderomotive  force  Pp^  is  considered 
acting  on  the  particles  in  unit  proper  volume.  For  relativistic 
case,  our  treatment  of  a  single  particle  has  involved  the  motion 
due  to  the  force  F  ,  itself,  and  then  the  result  is  more  exact 

pd 

/l  / 

than  Lindman  et  al ' s  . 


For  the  medium  moving  with  constant  velocity  v^  and  irradiated 

by  circularly  polarized  light,  we  arrive  at  a  new  conclusion  that 
1 1 

Fp^  is  -g  times  as  large  as  one  in  static  medi\am  or  vacuum.  Here 
£<  is  related  to  the  "optic  metric"  and  li^t  field,  and<v' — 


as  £ 


0.  This  means  that  the  ponderomotive  force  can  become 


iinlimlted  for  the  moving  plasma  with  the  critical  density. 
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CLASSICAL  CALCULATIONS  OF  THE  EFFECTS  OF  HIGH  BRIGHTNESS 
LASER  RADIATION  ON  PHOTOELECTRON  ANGULAR  DISTRIBUTIONS 

Don  R.  Kania 
Physics  Division 
MS-E526 

P.  0.  Box  1663 

Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

A  two  step  model  has  been  developed  to  describe  the  effects  of  a  high 
brightness  laser  on  the  angular  distributions  of  photoelectrons  near  and 
above  threshold.  The  photoelectron  production  process  and  the  transport 
of  the  electrons  away  from  the  ion  are  decoupled.  The  model  predicts 
that  the  photoelectron  distribution  becomes  more  isotropic  as  the  laser 
intensity  increases.  A  larger  laser  intensity  is  required  to  perturb 
higher  energy  photoelectrons. 

At  laser  intensities  strong  enough  to  produce  significant  multiphoton 
ionization,  the  photoelectron  angular  distribution  is  strongly  peaked 
along  the  direction  of  the  laser  electric  field  for  linerarly  polarized 
light  (1).  At  higher  laser  intensities  the  electromagnetic  field  of  the 
laser  will  perturb  the  photoelectron  orbit  in  the  region  of  the  ion 
resulting  in  a  trajectory  that  is  dramatically  different  from  the  low 
intensity  case.  The  mode  separates  the  production  of  the  photoelectrons 
from  their  transport  away  from  the  ion,  i.e.  a  two  step  process. 
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The  photoelectron  is  given  a  velocity  (energy  and  direction)  in  the 
region  of  the  ion  to  give  it  a  direction  consistent  with  low  intensity 
photoelectron  distributions,  i.e.  along  the  laser  electric  field 
direction.  The  energy  of  the  photoelectron  at  a  large  distance 
(infinity)  is  selected  to  be  consistent  with  threshold  or  above  threshold 
processes.  This  models  the  photoionization  process. 

The  electron  orbit  is  calculated  on  a  computer  using  a  parametric 
relativistic  rescription  developed  by  P.  H.  Y.  Lee  (2).  The  laser  is 
described  as  a  traveling  electromagnetic  wave.  The  ionic  field  is  a 
central  potential.  The  photoelectron  is  assumed  to  be  emitted  at  the 
peak  of  electromagnetic  wave.  The  electron  trajectory  can  be  calculated 
with  laser  intensity  and  photoelectron  energy  and  direction  near  the  ion 
as  parameters.  By  comparing  low  intensity  and  high  intensity 
trajectories  for  the  same  initial  conditions,  significant  differences  can 
be  seen  in  the  photoelectron  angular  distributions. 

Two  conclusions  may  be  drawn  from  the  results  of  these  calculations. 
One,  as  the  laser  intensity  increases  the  angular  distribution  becomes 
more  isotropic.  Two,  the  higher  the  electron  energy  a  larger  laser 
intensity  is  required  to  perturb  the  distribution.  These  conclusions 
indicate  that  threshold  ionization  electrons  will  be  perturbed  more  than 
above  threshold  ionization  (higher  energy)  electrons. 

1.  H.  J.  Humpert,  H.  Schwier,  R.  Hippier  and  H.  0.  Lutz,  Phys.  Rev.  A  22 
(1985),  3787. 

2.  P.  H.  Y.  Lee  to  be  published  "Lasers  and  Particle  Beams". 
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Model  of  Two-Electron  Ionization  Based  on 
Semi-Classical  Phase  Space  Averaging 


Jan  Mostowski 
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Marek  Trippenbach 

Warsaw  University,  Warsaw,  Poland 
Cao  Long  Van 

Institute  for  Theoretical  Physics,  Warsaw,  Poland 

In  this  work  the  two  electron  ionization  of  helium  is  studied  with  a 
mixture  of  quantum  and  classsical  theories. 

Prior  to  laser  excitation  the  state  of  the  helium  atom  is  described 
by  the  ground  state  wavefunction  which  to  a  good  approximation  is  equal  to 
Z  /87r  exp  -Z  ^  ”  1.69  and  and  are  coordinates 

of  the  electrons.  The  connection  between  the  quantum-mechanical 
wavefunction  and  the  classical  concepts  is  provided  by  the  Wlgner  function. 
The  coarse-grained  Wigner  function  is  Interpreted  as  a  classical 
probability  distribution  in  the  phase  space.  A  representative  sample  of 
300  points  in  the  phase  space  is  chosen  with  the  help  of  Monte-Carlo 
"importance"  sampling.  This  sample  represents  the  initial  state  of  the 
atom. 

The  interaction  of  the  atom  with  the  laser  pulse  is  described  by  the 
Newton  equation  of  motion  which  take  into  account  the  Coulomb  forces 
between  all  charges  and  forces  exerted  on  the  electrons  by  the  external 
laser  field.  These  equations  are  solved  numerically  for  several  field 


56 


II-TuC  8-2 

strengths  and  frequencies.  The  initial  conditions  are  provided  by  the 

representative  sample  described  above. 

The  state  of  the  atom  is  analyzed  for  times  up  to  360  atomic  units. 

The  following  criterion  for  ionization  was  adopted.  An  electron  is  said  to 

2 

be  ionized  if  its  compensated  energy  (p  -  A/c)  /2  -  2/(r|  is  positive  and 

its  distance  from  the  nucleus  (r|  is  larger  than  some  fixed  radius  r^, 

usually  taken  to  be  equal  to  32  atomic  units.  According  to  this  criterion 

the  single  and  double  ionization  probabilities  are  found.  For  example,  for 

the  laser  field  strength  E  =  1  atomic  unit  (corresponding  Intensity 
17  2 

10  W/cm  )  and  frequency  0.5  atomic  unit  (wavelength  ~  100  nm)  the  ratio 
of  double  to  single  ionization  probabilities  reaches  0.55  at  t  ~  200  atomic 
units  (~16  optical  periods)  and  remains  nearly  constant  for  times  up  to  360 
atomic  units. 

In  summary,  two  striking  features  found  in  this  model  are: 

(1)  A  steady  state  is  reached  without  complete  double  ionization  with  a 
substantial  number  of  singly  ionized  atoms  remaining. 

(2)  There  is  a  very  small  contribution  of  the  stepwise  ionization 

process  as  compared  to  the  direct  two-electron  process.  Stepwise 

ionization  can  be  seen  only  for  field  strengths  larger  than  1  atomic  unit. 

The  lack  of  any  existing  fully  quantum  treatment  of  ionization  at  such 

17  2 

field  strengths  (corresponding  to  intensities  above  10  W/cm  )  is  one  of 
the  attractions  of  our  semi-classical  approach. 
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Collective  Dipole  Exitation  of  Many-electron 
Atoms  by  Intense  Laser  Pulse 

Farhad  H.M.  Faisal 
Fakultat  fiir  Physik 
Universitat  Bielefeld 
4800  Bielefeld  1 
Federal  Republic  of  Germany 

/I  -3/ 

A  major  implication  of  the  remarkable  data'  '  on  multiple  ioni¬ 
zation  of  many  electron  atoms  in  intense  laser  pulses  is  the  un¬ 
usually  strong  coupling  strength  at  UV  and  infrared  frequencies. 
121 

Luk  et  al.'  appear  to  have  been  the  first  to  envisage  a  giant 

dipole  or  multipole  excitation  of  atoms,  in  the  present  context. 

The  purpose  of  this  paper  is  to  give  a  many-body  non-perturbative 

74/ 

analysis  (using  a  generalization  of  a  method  of  Tomonaga  '  with¬ 
in  the  random  phase  approximation)  of  an  N-electron  atomic  Hamil¬ 
tonian  coupled  to  a  laser  pulse  and  to  demonstrate  the  existence 
of  laser  driven  colletive  dipole  excitations  of  noble  gas  atoms. 

We  also  determine  the  photon  absorption  cross-sections  due  to  this 
process.  It  is  shown  that  the  dipole  operator  of  a  many-electron 
atom  can  execute  quantum  oscillations  with  a  distribution  of  fun¬ 
damental  frequencies  and  that  the  laser  excites  preferentially  the 
mode  whose  frequency  is  resonant  with  the  laser  frequency.  These 
modes  appear  essentially  in  the  outer  region  of  the  atomic  charge 
distribution,  both  at  193  nm  and  1o64  nm  laser  wavelengths.  It  is 
found,  for  example,  for  Xe  that  the  5p  and  the  5s  sub-shells 
alone  contribute  virtually  completely  to  the  resonant  modes;  all 
the  other  shells  contributing  less  than  0.1%  . 
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Table  1  below  sumiAarises  the  numerical  results  for  the  cross- 
sections  of  photon  absorption  due  to  collective  dipole  excitation 
at  193  ran  and  1064  ran  in  several  noble  gas  atoms. 


Table  1  .  Absorption  cross-section  due  to  collective  dipole 
excitation  of  noble  gas  atoms  at  193  nm  and  1064  nm. 
Also  shown  is  the  mean  energy  <AE>  absorbed  by  an  atom, 
at  an  intensity  1=10^ Wcm  within  an  assumed  effec¬ 
tive  interaction  time  of  50  fsec. 


Atom 

193  nm 

1064  nm 

Oab(aJ)  <AE>(eV) 

aab(a^)  CAEXeV) 

Xe 

00 

319 

16.1 

111 

Kr 

7  .0 

265 

13.6 

94 

Ar 

5.7 

214 

11.5 

80 

Ne 

2.4 

98 

00 

33 

To  conclude:  laser  driven  collective  dipole  excitation  is  shown 
to  provide  a  strong  and  rapid  mechanism  with  large 
cross-sections  for  absorption  of  laser  photons  by 
noble  gas  atoms. 
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Measurements  of  the  energy  distributions.  Branching  ratios,  and  angular 
distributions  of  electr  ore  ejected  from  Sri  5P3/2^®l/2  ^^l/2^^1/2 

doubly  excited  states  with  n  ranging  from  10  to  20  in  the  autoionization  to 
the  S  rll  5s,  4d,  and  5p  ion  state  have  been  made  by  the  techniques  of 
Isolated-Core- Excitation  and  Time-of-Flight  Spectroscopy.  The  experiuient 
consists  of  three  Nd:YAG  laser  pumped  tunable  dye  lasers  which  excite  the  Sr 
atoms  in  an  atomic  beam  from  the  ground  state  to  the  5P3/2'^®l/2  ^^l/2^^1/2 

J=1  autoionizing  states.  The  autoionizing  electrons  are  analyzed  in  energy 
and  angle  by  a  time  of  flight  analyzer,  and  the  electrons  and  residual  ions 
are  collected  by  two  microchannel  plate  detectors  respectively  and  sent  to 
the  computer  through  the  Boxcar  Integrators.  The  measurements  show  that  the 


doubly  excited  Sri  ^p3/2’^®l/2  ^^l/2^®l/2  states  autoionize  predomi¬ 

nantly  to  the  excited  SrII  4d  ion  states  with  a  p  or  f  electron.  The  asymmetry 


parameter  varies  continuously  within  the  line  profile  of  the  5P3/2'^®l/2 
states  as  the  manifestation  of  the  localized  interaction  between  the  Sri 
^P3/2^^1/2  ^^l/2’^^l/2  autoionizing  series.  This  variation  is  dis¬ 

tinguished  from  that  caused  by  the  interference  between  the  excitation  to  the 
bound  part  of  the  autoionizing  state  and  underlying  continue. 

The  six  channel  MQDT  analysis  which  is  made  consistent  with  the  treat¬ 
ment  of  the  total  autoionization  cates,  along  with  the  angular  momentum 
transfer  theory  is  utilized  to  analyze  the  data.  A  reasonable  agreement  be¬ 


tween  the  theory  and  the  experiment  data  is  achieved.  For  the  Sri  ^P3/2'^®l/2 
J=1  state  lying  above  Sril  5p^^2  limit,  the  calculated  asymmetry  parameters  are 
constant  everywhere  as  the  consequence  of  the  absence  of  the  channel  interac- 
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[  Autoionizing  state  resonance  is  very  likely  to  occur  during 

the  above-threshold  ionizations  of  atoms.  This  paper  presents  our 
theoretical  studies  of  the  photoelectron  spectrum  produced  by  such 

I 

resonance.  By  employing  the  technique  of  resolvent  operator,  uie 
have  shown  that  in  general  there  are  four  peaks  in  the  spectrum 
(as  shown  in  Fig.l).  two  of  which  result  from  the  autoioni- 


Fig.1  Schematic  diagram  of 
the  photoelectron  spectrum 


zation  of  the  autoionizing  state] ^ others  are  related  to  the  photo- 
ionization  of  the  autoionizing  state.  Their  relative  positions  and 
widths  are  determined  by  the  following  expressions^ 

E±  =-j-^  t  -f  [Jl"  + 


1/e 


Bt  =  E±  + 


z 


cUi-  y«.  +  VO  ± 


J2‘ 


Til 


[  J2^  +  Yj)  V/* 


where  S2  is  the  Rabi  frequency.  T*  autoionization  width.  ^  is 
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Fano  parameter!  m  is  photon  frequency!  and  Va  ,  are  the  laser 
induced  stark  shifts  of  the  autoionizing  state  and  the  ground  state, 
respectively . 

From  the  above  expressions,  uie  have  obtained  the  condition 
on  which  two  of  the  four  peaks(r+, f+^or  ,  T-  )may  be  disappeared. 

32  1 8  +  y<L  +  Yb)  +(rA  +  Va  -»•  ^  o 

lAle  have  also  derived  the  critical  value  -TL.of  the  Rabi  fre¬ 
quency  at  which  two  of  the  four  peaks  are  disappeared.  In  the  case 
of  ^  =  0.  ^  =  5i  we  have  found  that  =  Fa  ,  which  is  identical 
with  that  obtained  in  Cl]  • 

Taking  account  of  the  natural  width  of  the  autoionizing  state 
does  not  affect  the  two  peaks  near  the  autoionizing  state,  but  the 
other  two  peaks  are  shown  to  no  longer  disappear. 
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f 

I 


63 


II-TUC12-1 


Multiphoton  Isolated  Core  Excitation 
J.G.  Story,  L.D.  Van  Woerkom,  and  W.E.  Cooke 
Department  of  Physics,  University  of  Southern  California 
Los  Angeles,  California 

In  a  number  of  recent  experiments,  the  Isolated  Core  Excitation  (ICE)1 
method  for  producing  doubly  excited  Rydberg  states  has  been  extended  to  two 
photon  core  excitations. 2i3  one  particularly  novel  experiment  showed  that  it 
is  possible  to  use  two  photon  excitation  even  in  the  case  where  the  single 
photon  excitation  moment  is  zero. 3  Furthermore,  an  analytical,  closed  form 
expression  for  this  two  photon  core  excitation  moment  has  been  reported.^  This 
work  extends  that  analysis  to  the  general  case,  where  the  core  has  absorbed  n 
independent  photons. 

The  ICE  method  consists  of  exciting  a  core  electron  after  an  outer  electron 
has  already  been  placed  in  a  Rydberg  state. ^  Since  the  Rydberg  electron  is  far 
removed  from  the  core,  the  core  has  effectively  been  "isolated".  The  Rydberg 
electron  does  have  an  effect  on  the  transition  moment,  however,  and  this  shows 
up  primarily  in  the  shake-up  spectra,  where  the  Rydberg  electron  shakes  into 
nearby  Rydberg  states  with  the  same  angular  momentum,  but  different  principal 
quantum  numbers.  A  multiphoton  core  excitation  moment  must  then  properly 
account  for  all  possible  intermediate  "shake-up"  transitions,  including  those 
which  are  off  the  energy  shell. 

We  have  developed  a  closed  form  for  n  photon  core  excitation  which 
explicitly  shows  both  contributions:  the  "prompt"  terms  in  which  the  Rydberg 
electron  does  not  shake  until  all  n  photons  have  been  absorbed,  and  the 
"stepwise"  terms  which  show  the  Rydberg  electron's  readjustment  after  each 
intermediate  photon  is  absorbed.  Several  general  features  become  apparent:  (1) 
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it  is  possible,  in  general,  to  set  each  photon  frequency  so  that  only  the  n 
photon  transition  is  non-zero,  and  all  lower  order  transitions  are  zero;  (2)  an 
intermediate  shake-up  resonance  does  not  always  enhance  the  net  transition  rate 
since  this  route  generally  interferes  destructively  with  the  "prompt"  route; 
and  (3)  an  intermediate  shake-up  resonance  will  enhance  the  n  photon  transition 
rate  if  the  Rydberg  electron's  binding  energy  change  is  larger  than  the 
autoionization-induced  linewidth  of  the  intermediate  resonance,  otherwise  it 
will  decrease  the  net  n  photon  transition  rate. 


W.E.  Cooke,  T.F.  Gallagher,  S.A.  Edelstein,  and  R.M.  Hill,  Phys. 

Rev.  Lett.  178  (1978). 

2 

T.F.  Gallagher,  K.A.  Safinya,  and  W.E.  Cooke,  Phys.  Rev.  A  601 
(1981);  R.M.  Jopson,  R.R.  Freeman,  W.E.  Cooke,  and  J.  Bokor,  Phys. 

Rev.  Lett.  2234  (1984). 

T.F.  Gallagher,  R.  Kachru,  N.H.  Tran,  and  H.B.  van  Linden  van  den 
Heuvell,  Phys.  Rev.  Lett.  1753  (1983). 

^  W.E.  Cooke  and  C.L.  Cromer,  Phys.  Rev.  A  33,  3529  (1986). 
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Observation  and  Analysis  of  the  Autoionizin^ 

Spectra  of  Sr 

Hu  Sufen  Zhang  Sen  Lu  Jie  Qiu  Jizhen  Sun  Jiazhen 
(Department  of  Physics,  Zhejiang  University,  Hangzhou, 

People's  Republic  of  China) 

The  Sr  atoms  are  excited  stepvise  by  means  of  three  dye  lasers. 
All  three  lasers  are  linearly  polarized  in  the  same  direction  to 

allo^:  the  populations  of  the  (^Pins),  .  or  (5pind),  ,  By 

S'  2 

sweeping  the  wavelength  of  the  third  dye  laser  we  are  able  to  record 

the  excitation  spectrum  of  the  autoionizing  states. 

It  shows  that  the  quantum  defects  of  (5pins)^  are  nearly 

constant.  It  indicates  that  the  (5pins),  series  of  Sr  (n=10-26)  has 

2  I 

less  couplings  with  other  series. The  single  strong  peak  is  observed 

in  the  i5pins),  series  at  the  Sr^5E-5pi  wavelength.  And  two  strong 
2  I 

peaks  are  observed  in  the  (5pind),  T.(n=17-2!3) .These  spectra  are 
explained  using  a  quantum-defect  theory  appoach  which  shows  that 
the  cross  section  for  photoexcitation  6  is  proportional  to  a  pro¬ 
duct  of  the  spectral  density  of  the  autoionizing  state  and  the  over¬ 
lap  integral  from  the  initial  bound  Rydberg  state. 

Table  1.  shows  the  measured  values  of  Sr  (Bpins)^  series  . 


66 


II-TUC13-2 


Table  1.  The  measured  values  of  the  energy  levels  E,  Quantuin  defect 
<r  and  the  wavelength  of  the  third  dye  laser  Xj  of  Sr  {5p^nsj^ 


n 

E(5p^n8)^  (cm“b 

C  A ) 

(T 

10 

67126. 1±0. 8 

4234.8±0.1 

3.403 

1 1 

67736. 8±0. 4 

4230.U0.1 

3.421 

12 

68165. 0±0. 7 

4224.4±0.1 

3.396 

13 

68450. 1+0.6 

4223.6±0.1 

3.426 

14 

68669.7±0.4 

4221.2+0,1 

3.407 

15 

68629.3+0.7 

4220.4±0.1 

3.418 

1b 

68956.7+0.2 

4219.1+0. 1 

3.394 

17 

90  5  3. 2+0.5 

4218.9+0.1 

3.409 

18 

69131.7+0.9 

4218.5+0.2 

3.412 

19 

69195.9+0.8 

4218. 2±0. 1 

3.410 

20 

69249.8±0.6 

4217,7±0.1 

3.386 

21 

69293.4+0.9 

4217. 6i0. 2 

3.393 

22 

69329. 8±0. 8 

4217.6±0.1 

3.411 

23 

69362.0+0.5 

4217.3+0.1 

3.391 

24 

69388, 1+0,6 

4217.4±0.1 

3.427 

25 

6941 1 .6+0.4 

4J17.3±0.1 

3.426 

26 

69432.6+0.4 

4217. 1±0. 2 

3.396 

Reference 

W .  E , 

Cooke,  T.F, Gallagher; 

Phys, Rev. Lett , , 41 , 

1648(1978). 

W.E. 

Cooke, T.F, Gallagher  et 

al ,  ;Phy8. Rev, Lett 

.,40,178(1978) 

(3)  R.Kachru  et  al . ;  Phys,  Rev, A,  31  ,700(1985). 
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Multiphoton  Ionization  of  Beryllium 

J.  Wen,  J.  C.  Travis,  T.  B.  Lucatorto,  and  C.  W.  Clark 

National  Measurement  Laboratory 
National  Bureau  of  Standards 
Gaithersburg,  Maryland  20899 

We  have  utilized  resonance  ionization  mass  spectrometry  (RIMS)  to  investigate  the 
spectroscopy  and  dynamics  of  multiphoton  absorption  in  Be.  This  work  is  directed  towards 
developing  methods  for  selective  laser  ionization  of  the  isotope  **^Be,  a  long-lived  radionuclide 
('^1/2  “  1-6  X  10^  a)  used  for  geological  dating  purposes.  Since  Be  is  the  simplest  “two  - 
electron”  atom  that  can  be  excited  by  absorption  of  a  few  photons  at  convenient  laser  wavelengths, 
these  studies  may  also  contribute  to  understanding  the  nonlinear  interaction  of  radiation  with 
many-electron  systems. 

Previous  work  in  our  laboratory'  investigated  two-  and  three-photon  ionization  of  ^Be  (the 
only  stable  isotope),  with  attention  focused  on  the  spectroscopy  of  autoionizing  states.  The  spectral 
width  of  the  laser  used  then  was  too  large  to  allow  isotopically  selective  excitation,  so  we  have 
replaced  it  with  a  pulsed  dye  amplifier  (PDA).  ^  A  schematic  of  the  new  RIMS  system  is  given  in 
Fig.  1.  Sample  preparation  involves  mixing  several  micrograms  of  BeCl2  with  a  graphite  slurry 
and  placing  it  on  a  rhenium  filament.  The  concentration  ratio  "'Be:  ^Be:  is  approximately  10'^. 
The  PDA  produces  25mJ  pulses  of  10  ns  duration  at  560  nm  with  a  150  MHz  bandwidth, 
corresponding  to  Av  /  v  ~  3  x  10'^  ;  by  comparison,  the  normal  mass  isotope  shift  for  the 
^Bei^'Be  pair  is  Av  /  v  =  6  x  10'^.  The  560  nm  radiation  is  frequency-doubled  by  a  KDP  crystal, 
yielding  ~1  mJ  pulses  at  280  nm. 

Figure  2  illustrates  the  "'Be:  ^Be  isotope  shift  in  the  two-photon  ls^2s^  'Sq  — >  ls^2s6s  'Sq 
transition  at  71321  cm  '.  This  preliminary  measurement  yields  an  isotope  shift  of  13.3110.05 
Ghz.  The  normal  mass  shift  for  this  transition  is  13.04  Ghz,  so  the  specific  mass  shift  (or  mass 
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polarization  effect)  is  a  few  percent  of  the  total.  In 
the  single  configuration  approximation,  the  specific 
mass  shifts  of  the  transitions  2s^  ^Sq  —>  2sns  ^Sq  , 
2snd  ^^2  vanish  identically;  thus  their  actual  values 
indicate  the  extent  of  interaction  of  the  s  and  d 
Rydberg  series  with  the  doubly  -  excited  2p^ 
configuration.  We  shall  report  results  on  other 
members  of  these  Rydberg  series  at  the  meeting. 

This  work  is  supported  in  part  by  the  U.S.  Department  of 
Energy  under  contract  DEAI05-86ER60446. 


Fig.  1.  RIMS  II  apparatus  incorporating  REFERENCES 

pulsed  dye  amplifier.  Counterpropagating  UV 

beams  produce  Doppler-free  excitation  of  atoms  1.  C.  W.  Clark,  J.  D.  Fassett,  T.  B.  Lucatorto,  L.  I.  Moore,  and 

in  source  region;  an  orthogonal  IR  beam  W.  W.  Smith,  J.Opt.Soc.  Am.  B  2i  891  (1985) 

photoionizes  the  excited  state.  2.  Based  on  a  design  by  J.  Paisner,  and  on  loan  from  Lawrence 

Livermore  National  Laboratory. 
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Fig.  2.  Yield  of  ^Be  and  '®Be  ions  as  a  function  of  laser  frequency  for  the  two-photon  2s  — >  6s  transition.  Central 
break  reflects  change  of  mass  analyzer  channel. 
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Electric  Field  Effects  on  Doubly  Excited  Autoionizing  States 

D.  E.  Kelleher,  E.  B.  Saloman,  J.  W.  Cooper,  and  C.  W.  Clark 
National  Bureau  of  Standards,  Gaithersburg,  Maryland  20899 

We  have  observed  electric  fields  to  have  pronounced  effects  on  auto¬ 
ionizing  resonances  in  the  continuum  region  above  the  first  ionization 
threshold.  These  effects  are  observed  predominantly  between  field-coupled 
levels  of  opposite  parity  that  have  significantly  different  zero-field 
widths.  The  types  of  phenomena  come  under  three  categories: 

1)  Field-induced  broadening  (and  narrowing) 

We  have  reported  the  observation  [1]  of  a  Sr  resonance  to  broaden  ap¬ 
proximately  quadratically  in  an  electric  field  due  to  its  field-mixing  with  a 
nearby  much  broader  resonance  of  opposite  parity.  We  have  also  observed  the 
width  of  a  narrow  high  J  resonance  in  Gd  to  increase  stepwise  quite  suddenly 
at  a  field  of  less  than  2  V/cm.  We  attribute  this  to  the  level's  lying  near 
a  series  of  Rydberg  levels  with  n  ~  60.  The  sudden  increase  in  width  is  ob¬ 
served  at  the  Ingllss  Teller  limit  for  this  n,  where  static  manifolds  of  dif¬ 
ferent  n  levels  overlap.  For  this  field  and  higher  the  Stark  manifold  spans 
the  energy  region,  and,  due  to  anticrossing  between  n-manifolds,  J  mixing  be¬ 
comes  nearly  complete.  Thus,  field  mixing  of  these  Rydberg  levels  with  an 
interloping  level,  even  one  of  high  J,  occurs  essentially  for  all  fields  at 
and  above  the  Ingliss  Teller  limit. 

2)  Field-induced  Interferences 

In  an  electric  field,  a  relatively  narrow  resonance  that  is  nearly  degen¬ 
erate  with  a  much  broader  resonance  of  opposite  parity  has  been  observed  to 
cause  an  interference  dip  in  the  broad  level  that  deepens  as  Che  field  is  in¬ 
creased,  until  at  higher  fields  the  broad  level  is  split  into  two  components. 
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Also,  narrow  resonances  in  the  wings  of  broad  resonances  lead  to  field- 
induced  Fano-Bentler  type  inference  patterns  whose  amplitude  Increases  as 
the  field  is  increased.  Results  thus  far  are  in  good  agreement  with  a  non- 
perturbative  theory  developed  recently  [2]. 

3)  Anisotropic  core  effec  s 

Rydberg  levels  with  n  >  5  exhibit  quasi  hydrogenic  Stark  manifolds  in 
which  the  energies  of  the  nearly  degenerate  higher-A  levels  with  small  quantum 
defect  "fan  out"  linearly  in  an  electric  field.  Elegant  studies  of  this 
phenomena  have  been  made  for  bound  levels  of  alkali  and  alkaline-earth  atoms 
[3].  These  cases  correspond  to  a  spherically  symmetric  core.  The  manifolds 
are  strikingly  different  when  the  ionic  core  (seen  by  the  Rydberg  electron) 
has  angular  momentum  j  >  1/2,  which  is  the  case  for  most  autoionizing  levels 
and  for  most  bound  levels  except  those  in  the  first  two  rows  of  the  atomic 
table.  The  angular  momentum  SL  of  the  Rydberg  electron  couples  electrostati¬ 
cally  (via  the  r^^  interactions  and  the  tensor  polarizability  of  the  ion  core) 
with  the  angular  momentum  j  of  the  core  to  give  rise  to  (2j+l)  fine  structure 
components  (when  H  >  j).  As  the  field  is  increased,  more  and  more  of  these 
components  are  observable  from  a  given  lower  level.  The  Stark-induced  levels 
appear  to  split  into  more  levels;  hence  the  term  "procreative"  Stark  manifold. 
We  have  performed  detailed  calculations  (in  jK  coupling)  of  this  phenomenon 
and  compare  them  with  our  observations  of  Stark  manifolds  in  barium  auto¬ 
ionizing  Rydberg  levels. 

References 

1.  D.  E.  tCelleher,  J.  F.  Delpech  and  J.  Weiner;  Phys.  Rev.  A  32 ,  2230 
(1985). 

2.  E.  B.  Saloraan,  J.  W.  Cooper  and  D.  E.  Kelleher:  Phys.  Rev.  Lett.  55 ,  193 
(1985). 

3.  M.  L.  Zimmerman,  H.  G.  Littman,  M.  K.  Kash  and  D.  Kleppner :  Phys.  Rev.  A 
20,  2251  (1979). 
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Double  Electron  Excitation  of  Lithium  by  Electron  Impact 

R.  Srivastava’'" 

Department  of  Physics,  University  of  Roorkee,  Roorkee,  India 

W.  Williamson,  Jr. 

Department  of  Physics  and  Astronomy,  University  of  Toledo 

Toledo,  OH  43606 

Excitation  of  the  autoionizing  states  caused  by  single  inner  shell 
electron  excitations  in  alkalai  atoms  by  electron  impact  have  been  well 
studied  using  various  approximations.  These  include  the  Born,  Glauber^  and 
distorted  wave  theories.^  In  lithium,  in  addition  to  single  excitation, 
there  have  been  some  doubly  excited  states  observed.  The  doubly  excited 
states  with  the  two  electrons  are  the  most  fundamental  atomic  species  which 
autoionize.  Such  doubly  excited  states  in  helium  and  alkaline  earths  have 
also  been  studied.^"®  A  first  step  towards  the  study  of  such  excitations  in 
lithium  would  be  to  find  the  cross  sections  for  their  production  by  electrons. 
The  first  calculations  of  this  nature  were  done  by  Kulander  and  Dahler”  using 
the  simple  Born  Oppenheimer  approximation.  They  reported  results  for 
Li(ls)^(2s)^S^Li(ls)(2p)^  **?.  We  reconsidered  this  problem  in  a  more  pre¬ 
cise  manner  using  the  distorted  wave  theory.  Our  distorted  wave  calculation 
includes  distortion  of  the  initial  and  final  states  of  the  incoming  and 
outgoing  electrons  separately  by  using  different  distorting  potentials.  We 
have  used  the  static  potential,  the  polarization  of  the  target  lithium  atom 
as  well  as  the  exchange  of  the  incoming  electron  with  the  bound  electrons  in 
the  target.  The  bound  states  of  the  target  are  represented  in  initial  and 
final  states  by  the  Hartree  Fock  wave  functions  as  used  by  Kulander  and 
Dahler.'*  The  details  of  the  analysis,  results  and  discussion  will  be  pre¬ 
sented  at  the  conference.  In  Table  I  we  briefly  display  our  results  using 
various  versions  of  the  distorted  wave  theory  (E^  is  the  incident  energy  in 
Ry,  I  and  F  represent  the  inclusion  of  the  initial  and  final  state  static 
potentials  respectively,  E  and  P  signify  the  additional  inclusions  of  the 
exchange  and  polarization  potentials). 
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TABLE  I 

Electron  Excitation  of  Li(ls)^(2s)^  to  Li(ls)^(2p)^  ‘‘P 
in  Units  of  lO""*  Tiao^ 


Ei 

IF 

IFE 

IFEP 

4.6 

0.0389 

0.191 

0.266 

4.7 

0.202 

0.207 

0.309 

4.8 

0.331 

0.339 

0.322 

5.0 

0.335 

0.342 

0.313 

5.3 

0.250 

0.255 

0.266 

5.5 

0.206 

0.211 

0.231 

5.6 

0.188 

0.192 

0.214 

6.0 

0.133 

0.136 

0.155 

7.0 

0.0609 

0.0627 

0.0690 

8.0 

0.0302 

0.0312 

0.0326 
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MJLTIPHOTON  EXCITATION  AND  IONIZATION  OF  ATOMS 

H.  Jaura,  U.  Johann,  T.  S.  Luk,  I.  A.  McIntyre, 

A.  McPherson,  A.  P.  Scl’wjarzenbach,  K.  Boyer,  and  C.  K.  Rhodes 
University  of  Illinois  at  Chicago,  Department  of  Physics 
P.  0.  Box  4348,  Chicago,  Illinois  60680 

It  has  been  conjectured  that  atonic  motions  fundamentally  different  from 
those  presently  observed  may  be  driven  under  extreme  conditions  of  irradiation. 
Indeed,  it  has  been  suggested^'^  that  ordered  many-electron  motions  of  outer- 
shell  electrons  could  lead  to  enhanced  rates  of  coupling  fron  the  radiation 
field  to  an  atom.  In  order  to  stvidy  the  conditions  necessary  for  new  atonic 
responses  to  occur  and  to  determine  the  influence  of  possible  danping  mecha¬ 
nisms,  the  properties  of  ion  charge  state  distributions,®  electron  energy 
spectra,®  and  harmonic  radiation"^  produced  by  irradiation  of  atoms  with  viltra- 
violet  radiation  with  different  pulse  lengths,  wavelengths,  and  intensities 
have  been  investigated. 

Recent  experiments®  have  begun  to  erolore  the  atomic  response  to  intense 
248  nm  irradiation  10^®  W/cm^)  with  subpicosecond  pulses.  Ehrevious  work,  as 
cited  in  References  (5)  and  (6),  had  been  conducted  at  a  few  specific  wave¬ 
lengths  in  the  range  between  193  nm  and  10.6  pm  with  pulse  lengths  of  >  5  ps 

9-12 

duration.  Since  the  dynamics  of  electron  ejection  from  an  atom  can 
involve  a  time  scale  significantly  shorter  than  ~  5  ps,  it  Is  expected^*^  that 
the  nonlinear  covpling  with  intense  radiation  will  be  significantly  modified  if 
sufficiently  short  pulses  in  the  sul^icosecond  domain  are  used. 

For  these  measurements,  two  ultraviolet  laser  systems  were  available. 

One  was  a  recently  developed  KrF*  (248  nm)  laser  system^®  which  produces  pulses 
having  a  naximal  energy  of  ~  23  mJ  with  a  pulse  d\iration  of  ~  0.5  ps.  The 
second  source  used  was  an  ArF*  ( 193  nm)  laser  system^^  .capable  of  producing  a 
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~  5  ps  pulse  with  a  maximal  energy  of  ~  40  mJ.  The  focusing  system  used  in  the 
studies  of  electron  spectra®*!^  produced  a  maximum  intensity  of  ~  10^®  W/an^ 
at  248  nm  and  of  ~  10^®  W/cm^  at  193  nm,  respectively,  in  the  experimental 
volume.  The  focusing  lens  vgas  not  corrected  for  spherical  aberration  and  had, 
therefore,  a  focal  diameter^O  of  ~  20  lom  vdiich  limited  the  achievable  laser 
intensity,  taut  made  the  eroeriments  relatively  Insensitive  to  the  detailed 
spatial  properties  of  the  laser  beam.  The  ap>paratus  used  for  the  measurement 
of  the  ion  states®  and  the  electron  spectra®  have  been  described  previously. 
Both  are  time-of-fli^t  type  spectrcmeters ;  for  the  electron  measurements  a 
magnetic  mirror  collimated  the  electrons  viiile  the  ions  were  extracted  with  a 
static  electric  field.  The  harmonic  radiation  was  generated  in  a  gas  jet 
produced  by  a  pulsed  value  and  subsequently  detected  with  a  grazing  incidence 
spectrcmeter  and  a  multichannel  detector. 

Overall,  the  results  of  the  subpicosecond  studies  at  248  nm  (1)  provide 
the  first  observation  in  ion  spectra  of  the  resnoval  of  an  inner-electron  in  a 
direct  multiquantum  collision-free  interaction,  namely,  an  electron  v^iose 
principal  quantum  number  (n)  is  less  than  that  characterizing  the  outer-most 
shell  of  the  neutral  atcm,  (2)  demonstrate  that  the  pulse  width  is  an  important 
parameter  in  the  coupling,  (3)  reveal  the  characteristics  of  the  spectra  of  the 
energetic  electrons  ijp  to  ~  250  eV  formed  by  the  interaction,  and  (4)  exhibit 
the  production  of  coherent  radiation  at  14.6  nm,  the  seventeenth  harmonic  of 
248  nm  and  the  shortest  wavelength  produced  by  that  means. 
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Laser  Spectroscopy  of  Core-Excited  Levels  of  Neutral  Rubidium 

S.  E.  Harris,  J.  K.  Spong,  J.  D.  Kmetec,  K.  D.  Pedrotti, 

S.  C.  Wallace,  and  J.  F.  Young 

Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  9^305 

We  describe  first  experimental  results  on  a  new  technique  for 
obtaining  level  positions,  autoionizing  linewidths,  and  oscillator 
strengths  of  core-excited  levels. 

The  technique  is  based  on  the  large  radiative  rates,  relative  to 
their  autoionizing  rates,  of  levels  that  have  recently  been  termed  as 
quasi-metastable.  Each  of  the  column  I  metals  and  column  II  alkali-like 
ions  have  one  or  two  such  levels  which  radiate  strongly  to  levels  in  the 
valence  structure. 

We  excite  a  quasi-metastable  level  by  hot  electrons  which  are,  in 
turn,  produced  by  laser-generated  x-rays,  and  view  its  radiation  with  a 
wide  slit-low  resolution  monochromator.  A  tunable  laser  is  scanned  over 
the  region  where  other  autoionizing  lines  are  expected  to  be  present. 
When  one  is  encountered,  the  quasi- metastable  radiation  is  depleted, 
thereby  determining  its  autoionizing  linewidth  and  its  position  relative  to 
the  quasi-metastable  level.  By  using  a  curve-fitting  method  in  one-to-one 
correspondence  with  the  curve-of-growth  method,  the  transition  oscillator 
strength  may  also  be  determined. 

The  method  requires  only  a  single  (Quanta-Ray)  Nd:YAG  laser,  used 

both  to  make  the  x-rays  and  to  generate  the  tunable  radiation.  In 

rubidium,  we  observe  radiation  at  824  which  emanates  from  the  even 
5  4 

parity  4p  5s5p  ^2/2  level.  Thus  far  we  observe  deple¬ 

tion  transitions  to  autoionizing  lines  at  148874,  150558,  and  154018  cm“* 
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relative  to  the  Rb  ground  level.  These  levels  have  autoionizing 
linewidths  of  1.3,  4.8,  and  36.0  cm"*,  respectively.  Two  of  these  levels 
have  been  seen  in  XUV  absorption  by  Mansfield  and  one  with  J  =  5/2  has 
been  seen  in  ejected  electron  spectroscopy  by  Pejcev,  et  al.  These  first 
results  give  linewidths  and,  therefore,  autoionizing  times,  to  an  accuracy 
which  is  about  twenty  times  greater  than  that  given  previously. 

In  an  earlier  experiment,  using  a  pulsed  hollow  cathode,  Pedrotti 

observed  radiation  at  207  ^  in  neutral  lithium  and  used  this  depletion 

3  2 

technique  to  obtain  a  width  of  25.5  cm  *  for  the  lithium  1s(2s2p  P)  P 
autoionizing  line  at  475163  cm"*.  The  signal  strengths  in  the  present 
x-ray  excitation  technique  are  about  twenty  times  greater  than  those 
obtained  with  the  same  element  in  a  pulsed  hollow  cathode.  Under  typical 
conditions,  we  measure  voltages  which  are  equivalent  to  about  10  counts 
in  a  5  ns  interval.  This  allows  scanning  of  a  single  line  in  under  a 
minute. 

In  summary,  this  new  technique  allows  the  observation  of  autoionizing 
lines  with  both  even  and  odd  parity  and  with  J  values  which  make  them 
inaccessible  by  optical  absorption  from  ground.  Linewidths  are  measurable 
to  within  laser  accuracy  and  transition  oscillator  strengths  within  the 
core  manifold  may  be  determined.  The  observation  of  Rydberg  transitions 
and  interferences  should  also  be  possible. 

The  work  described  here  is  supported  by  the  Air  Force  Office  of 
Scientific  Research  and  by  the  Army  Research  Office.  K.  D.  Pedrotti  is 
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Thousand  Oaks,  CA  91360)  and  S.  C.  Wallace  is  at  the  University  of  Toronto 
(Department  of  Chemistry,  Toronto,  Ontario  M5S  1A1,  Canada). 
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AN  OVERVIEW  OF  ABOVE  THRESHOLD  IONIZATION: 
THERE  IS  ONLY  ONE  PHYSICS 


R.R.  F reeman 

AT&T  Bell  Laboratories 
Murray  Hill,  NJ  07974 


The  phenomena  of  Above  Threshold  Ionization  (ATI)  has  been  under  intense 
investigation  for  nearly  10  years  now.  During  this  time  not  only  have  many 
diverse  experimental  and  theoretical  Investigations  been  reported,  but  several 
major  conferences  have  been  held  as  well  with  the  professed  goal  of  achieving 
some  consensus  in  the  interpretation  of  the  basic  phenomena.  Still,  the  ATI 
research  community  remains  largely  fragmented  and  confused  about  the  basic 
physics  and  is  in  danger  of  dividing  into  separate  "camps".  In  this  paper  I 
argue  that  the  fundamental  ideas  necessary  to  understand  the  experimental 
results  in  ATI  have  already  been  put  forward  by  many  authors,  often  in  other 
fields.  For  example,  theorists  interested  in  non-linear  Compton  scattering 
worked  out  the  form  of  the  interaction  of  high  intensity  light  with  electrons, 
and  plasma  physicists  wrote  down  the  consequences  of  this  interaction  for  real- 
life  measurements  of  kinetic  energies  of  electrons  produced  in  focused,  high- 
intensity  beams.  Many  investigators  concerned  with  the  non-linear  interaction 
of  high-intensity  light  on  bound  electron  systems  had  to  understand  the  concept 
of  optical  field  ionization  and  have  subsequently  applied  this  knowledge  to  the 
measurement  of  spectra  obtained  in  multiphoton  ionization  of  molecules  with  ir 
light.  I  will  show  that  if  the  relevant  conclusions  of  these  and  other  works  are 
combined  with  the  body  of  experimental  and  theoretical  work  from  the  ATI 
community,  a  rather  simple  and  appealing  description  of  ATI  emerges,  one 
which  emphasizes  the  universality  of  its  nature. 
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Multiple  Excitation  and  Ionization  of  Atoms  by  Strong  Lasers: 
Is  There  Any  New  Physics? 

P.  Lambropoulos 

Physics  Department 
University  of  Southern  California 
Los  Angeles,  CA  90089~0^8^ 

and 

University  and  Research  Center  of  Crete 
Iraki ion,  Crete  71110  Greece 


Although,  under  certain  conditions  a  transition  probability  per 
unit  time  averaged  over  the  laser  pulse  may  be  useful  in  interpreting 
general  features  of  experimental  results,  in  general  events  during  the 
evolution  of  the  pulse  must  be  followed  in  detail  because  total  ioni¬ 
zation  of  various  ionic  species  is  apt  to  occur . ^  As  a  result,  at 
different  stages  of  the  pulse,  processes  of  different  order  may  appear. 
The  end  result  is  ionization.  But  a  number  of  other  processes  such  as 
wave  mixing  and  lasing  can  coexist  or  even  compete  with  ionization 
under  the  appropriate  conditions.  Employing  calculated  generalized 

cross  sections,  sequential  ionization  is  calculated  and  shown  to  be  the 

2  3 

dominant  mechanism  under  the  conditions  of  recent  experiments.  ’  But 
even  in  sequential  processes,  multielectron  excitations  may  play  a  role 
in  determining  the  cross  section  and  the  state  of  the  ion.  Examples  of 
calculations  in  multielectron  atoms  illustrate  the  role  of  more  then 
one  electron  excitation.  Doubly  excited  states,  for  example,  can  in 
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principle  be  employed  in  a  sequence  of  transitions  leading  to  a  high 
lying  doubly  excited  state.  The  probability  of  such  transitions  is 
estimated  and  the  importance  of  various  competing  processes  leading  to 
sequential  electron  ejection  is  also  discussed.  In  all  cases,  the 
structure  of  a  particular  atom  and  the  frequency  of  the  laser  are  found 
to  play  an  essential  role  in  the  details  of  the  process.  Specific 
results  pertaining  to  He,  C,  Sr  and  Xe  are  discussed  as  examples  of  the 
behavior  of  multielectron  atoms  in  strong  laser  fields. 
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3;30PM  II-MCl  Electron  Spectrum  in  Intense-Field  Photoionization.  H.  R. 

Reiss,  University  of  Arizona  and  The  Aiaerican  University. 

A  nonperturbative  theory  is  applied  to  the  intense  field 
multiphoton  ionization  of  xenon.  Agreement  with 
experiment  is  very  good  for  high  intensities  and  high 
orders . 

3:45PM  II-MC2  Multiple  Charges  Creation  (Up  to  Xe^'*')  from  Xe  Atoms  by 
an  Intense  CO^ Laser,  S.  L.  Chin,  W.  Xiong,  Universite 
Laval,  Canada,  and  P.  Lavigne,  INRS-Energie,  Canada. 

We  observed  ionization  of  Xe  atoms  creating  ionic  state 
of  up  to  Xe^^  by  a  1  ns  CO2  laser  pulse  at  10. 6p  The 
results  implied  step-wise  ionization. 

4:00PM  II-MC3  Subpicosecond  Ultraviolet  Multiphoton  Electron 

Spectroscopy  of  Rare  Gases,  T.  S.  Luk,  H.  Jara,  U. 

Johann,  I  A.  McIntyre,  A.  McPherson,  A.  P.  Schwarzenbach, 
K.  Boyer,  and  C.  K.  Rhodes,  University  of  Illinois  at 
Chicago . 

Photoelectron  measurements  of  rare  gases  using 
subpicosecond  248  nra  radiation  focussed  to  the  maximum 
intensity  of  '10^^’  W/cm^  are  described.  Suppression  of 
above  threshold  electron  lines  is  observed  and  the 
interpretation  is  found  to  be  consistent  with  the 
ponderomotive  potential  picture.  In  addition,  line 
broadening  and  shift  effects  of  the  electron  lines  are 
examined. 


4:15PM 


II-MC4  Multiphoton  Double  Ionization  of  Ba,  Y.  Zhu,  U.  Eichmann, 
and  T.  F.  Gallagher,  University  of  Virginia. 

Using  multiple  laser  excitations  we  have  shown  that  Ba++ 
is  formed  via  the  6s  and  5d  states  of  Ba"^. 


4:30PM  II-MC5 


Double- Rydberg  Spectroscopy  of  Barium  Atom,  P.  Camus,  P. 
Pillet,  C.N.R.S.  II,  France  and  J.  Boulmer,  Universite  de  : 
Paris-Sud,  France. 


Stabilization  properties  in  9dnd  double-Rydberg  series  of 
barium  are  discussed.  Selective  microwave  ionization 
techniques  coupled  with  a  double  time-of -flight  mass 
spectrometer  are  used  to  analyze  highly  excited  Ba^  | 

Rydberg  states.  , _ 
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Electron  Spectrum  in  Intense-Field  Photoionization 


H.  R.  Reiss 

Arizona  Research  Laboratories,  University  of  Arizona, 

Tucson,  Arizona  85721;  and 

Physics  Department,  The  American  University,  Washington,  D.C.  20016 


A  nonperturbative  theory  of  multiphoton  ionization  was  given  in  1980^  by  the 
present  author,  which  predicted  the  subsequently  observed  phenomena  of  above¬ 
threshold  ionization  (ATI),  suppression  of  lower-order  peaks  in  the  spectrum  of  ionized 
electrons,  and  major  qualitative  differences  in  the  spectra  of  electrons  ionized  by 
circularly  polarized  light  as  compared  to  linearly  polarized  light.  The  theory  uses  a 
short-range  binding  potential  with  a  single  bound  state,  much  like  the  later  independent 
work  of  Muller,  Tip,  and  van  der  Wiel.^  The  1980  theory  is  here  applied  to  the  case  of 
photoionization  of  xenon  by  circularly  polarized  light  of  106A  nm,  for  which 
experiments  have  recently  been  carried  out.^~^ 

Comparison  of  theory  with  the  experiments  of  Yergeau  et  al.  is  only  moderately 
successful  because  of  the  low  intensity  involved.  Both  theory  and  experiment  show 
suppression  of  the  peak  of  minimal  order  at  n  =  11,  they  differ  markedly  on  the  peak  at 
n  =  12,  and  then  show  great  similarity  for  the  remainder  of  the  spectrum.  At  the 
higher  intensity  used  by  Bucksbaum  et  al.,  the  correspondence  of  theory  and  experiment 


1 


II-MCl-2 


is  much  more  striking.  There  is  agreement  that  the  peaks  at  n  =  11,  12,  and  13  are 
missing,  the  highest  peak  is  at  n  =  17,  and  there  is  an  excellent  qualitative  accord  on 
the  shape  of  the  envelope  enclosing  the  peaks. 

Theoretical  results  are  also  presented  from  the  theory  at  even  higher  intensities 
than  those  explored  experimentally.  At  1.1x10 ''*  W/cm^  with  circularly  polarized 
1064  nm  light,  peaks  from  n  =  11  to  n  =  24  are  suppressed,  and  the  bell-shaped  envelope 
of  peaks  reaches  its  maximum  at  n  =  34.  It  is  also  concluded  that  the  ionization 
channel  leading  to  a  final  state,  which  is  of  little  importance  at  lower  intensities 

as  compared  to  the  channel  leading  to  the  ^Pj/j  state,  achieves  more  significance  at 
high  intensity. 

1.  H.  R.  Reiss,  Phys.  Rev.  A  1786  (1980). 

2.  H.  G.  Muller,  A.  Tip,  and  M.  J.  van  der  Wiel,  J.  Phys.  B  1^,  L679  (1983). 

3.  F.  Yergeeu,  G.  Petite,  and  P.  Agostini,  to  be  published. 

4.  P.  H.  Bucksbaum,  M.  Bashkansky,  R.  R.  Freeman,  T.  J.  Mcllrath,  and  L.  F. 
DiMauro,  Phys.  Rev.  Lett.  2590  (1986). 
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Introduction 


Experiments  in  recent  years  have  shown  that  using  an  intense  laser  beam  of 
intensities  of  more  than  10^^  W/cm^  (up  to  10^^  W/cm^)  multiply  charged  ions  of 
rare  gas  atoms  were  created  with  relative  ease.  The  wavelengths  of  the  lasers 
ranged  from  the  infrared^ through  the  near  i.r.^  and  visible^  to  the  u.v.^. 
Most  of  the  data  indicated  that  a  step-wise  multiphoton  process  was  responsible 
for  the  multiple  charge  creation. 

In  the  case  of  using  a  CO2  laser  up  to  Xe^  was  created  through  a  step¬ 
wise  process  although  it  was  not  yet  clear  whether  each  step  involved  a  tunnel¬ 
ling  or  a  multiphoton  mechanism.  The  present  work  seeks  to  observe  still  higher 
charge  states  from  ionizing  Xe  atoms  using  a  CO2  laser.  The  question  we  ask  is 
if  very  much  higher  CO2  laser  intensities  are  needed  in  order  to  observed  charge 
states  higher  than  3+. 

The  experimental  method  is  the  same  as  that  used  in  our  previous  work  for 
the  ionization  of  rare  gas  atoms^*^.  In  order  to  increase  the  laser  intensity, 
we  used  the  highest  gain  10.6m  laser  line  of  1  ns  duration.  The  improved  vacuum 
system  was  pumped  down  to  a  background  pressure  of  1  x  10”®  torr  using  a 
turbomolecular  pump.  Compared  to  previous  work^‘’^,  impurity  ions  arriving  in  the 
time  interval  where  Xe^"^,  Xe^"^  and  Xe®"^  would  occur  on  the  time  of  flight  mass 
spectrum  were  significantly  reduced  so  that  we  can  now  distinguish  the  various  Xe 
ions  from  the  impurities.  A  25  cm  focal  length  lens  was  used  to  further  increase 
the  laser  intensity. 

Results  and  discussion 

Ions  of  up  to  Xe^"*"  were  observed  with  relative  ease  from  the  time  of  flight 
signals.  Unfortunately,  the  signals  for  Xe^"^,  Xe^"*"  and  Xe^"*"  were  always  too  low 
to  allow  for  a  meaningful  ions  versus  intensity  plot.  That  was  due  to  a  tempo¬ 
rary  saturation  of  our  high  gain  electron  multiplier  caused  by  the  lighter 
impurity  ions  (mainly  H”*"  and  H2^)  when  very  high  intensity  was  used.  In  spite  of 
that,  we  were  able  to  estimate  the  lowest  intensities  at  which  these  highly 
charged  ions  start  to  appear.  Fig.  1  shows  a  plot  of  the  appearance  intensity  as 
a  function  of  the  ionic  charged  states.  The  appearance  intensity  was  the  lowest 
intensity  at  which  a  detectable  signal  was  observed  using  our  present  set  up  at  a 
Xe  pressure  of  about  10’^  torr.  Both  Xe^'*’  and  Xe^'*’  occurred  in  the  same  range  of 
intensity  except  that  statistically,  Xe^"*"  appeared  more  often  than  Xe^"*".  In 
fact,  we  observed  that,  on  the  average,  for  every  four  occurrences  of  Xe^"*”,  there 
were  three  occurrences  of  Xe^"*".  This  means  that  the  appearance  intensity  of  Xe^'^ 
should  be  slightly  higher  than  that  of  Xe^"^  and  this  is  shown  as  a  circle  on 
Fig.  1  at  an  arbitrarily  slightly  higher  value. 

Although  Fig.  1  does  not  give  an  absolute  measure  of  the  ionization  probabi¬ 
lity,  it  does  show  an  important  trend.  Contrary  to  what  one  might  imagine 
intuitively,  the  intensity  at  which  higher  charge  states  were  created  did  not 
increase  sharply  as  the  ionic  charge  state  increased.  Instead,  the  appearance 
intensities  flattened  off  rapidly  from  "4+"  to  "6+".  This  means  that  the 
probability  of  creating  Xe^"*"  was  rather  close  to  that  of  creating  Xe^"*"  and  they 
are  both  not  far  away  from  that  of  creating  Xe^'^.  This  seems  to  favor  a  step- 
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wise  ionisation  process  in  the  creation  of  Xe^"*",  Xe^"*”  and  Xe^"*",  on  account  of  the 
following  argument. 


from  Xe^"*” 
and  58  eV 

respectively).  The  ionization  potential  from  Xe^"*"  to  Xe^"*"  is  not  far  away  either 
(42  eV). 


First  of  all,  from  Table  I.  we  see  that  the  ionization  potentials 
to  Xe^'*’  and  from  Xe^"*"  to  Xe^"^  are  rather  close  to  each  other  (53 


Secondly,  assuming  a  step-wise  process,  because  of  the  small  photon  energy 
(hV  =  0.117  eV),  each  step  of  ionization  involves,  energetically  speaking,  the 
absorption  of  the  radiation  energy  that  correspond  to  more  than  a  hundred  photons 
at  a  time  (see  Table  I).  (The  total  minimum  number  of  photons  needed  for  the 
creation  of  Xe^"*"  in  a  step-wise  process  is  thus  1862,  a  record  number).  Even  if 
there  is  a  difference  of  only  a  few  eV  (for  example,  5eV  between  the  ionization 
potentials  for  the  step-wise  creation  of  Xe^"*"  and  Xe^"*"),  this  corresponds  to  a 
difference  of  43  photons  (see  Table  I),  meaning  that  the  order  of  nonlinearity 
has  increased  by  43  if  multiphoton  ionization  process  were  still  involved. 


The  similarity  of  the  ionization  probabilities  is  hard  to  imagine  at  first 
glance.  Yet,  precisely  because  of  such  a  high  order  non-linearity,  the  "ON-OFF" 
hypothesis^  which  we  have  proposed  to  explain  the  experimental  data  for  the 
ionization  of  all  the  rare  gas  atoms  using  two  arbitrary  CO2  laser  lines  (10.55u 
and  9.55m)  could  be  applied  here.  Essentially,  the  "ON-OFF"  hypothesis  assumes 
that  the  probability  of  ionization  of  an  atom  through  a  highly  non-linear 
process,  be  it  multiphoton  or  tunnelling,  becomes  unity  as  soon  as  the  intensity 
of  the  laser  reaches  a  threshold  value  below  which  the  probability  is  exactly 
zero.  Thus,  because  of  the  highly  non-linear  processes  involving  non-linear 
orders  of  453  and  496  respectively  for  the  step-wise  creation  of  Xe^'*’  and  Xe^"^,  a 
difference  of  43  is  not  important  any  more  and  the  ionization  "threshold"  should 
not  be  very  different.  Similarly,  the  difference  in  ionization  potentials  for 
the  step-wise  creation  of  Xe^^  and  Xe^'*'  is  lleV,  corresponding  to  about  94 
photons.  The  difference  in  the  appearance  intensities  is  thus  larger  than  that 


between  Xe 

,6+ 


5+ 


and  Xe 


6+ 


If  any  of  the  processes  for  the  creation  of  Xe^"*”,  Xe^"^ 
and  Xe®'*’  were  due  to  a  coherent  direct  process,  the  appearance  intensity  would 
have  jumped  up  significantly  which  is  not  what  we  observed. 


In  conclusion,  we  have  observed  that  up  to  Xe^"^  have  been  created  with 
relative  ease  using  a  10.6m  1  ns  CO2  laser  pulse  while  the  appearance  intensities 
for  the  creation  of  Xe^"*",  Xe^"^  and  Xe^"*"  are  rather  close  to  each  other.  A  step¬ 
wise  process  coupled  to  the  "ON-OFF"  hypothesis  could  explain  these  qualitati¬ 
vely. 


Acknowledgement 


This  work  was  supported  in  part  by  Le  Fonds  FCAR  of  Quebec  and  in  part  by 
the  Natural  Sciences  and  Engineering  Council  of  Canada.  The  expert  service  of 
the  Optical  Component  Laboratory  in  the  Physics  Division  of  the  National  Research 
Council  of  Canada  is  appreciated.  We  thank  also  the  technical  service  of  Marco 
and  Pierre-Paul.  One  of  us  (W.  Xiong)  appreciates  a  graduate  scholarship  from 
the  Ministry  of  Education  of  the  People's  Republic  of  China. 


5 


1I-MC2-4 


TABLE  I 


Ionization  potentials  (I.P.) 
for  the  creation  of  multiphy  charged  Xe  ions 
(from  Handbook  of  Physics  and  Chemistry,  vol.  - ) 


Xe 

1+ 

2+ 

3+ 

4+ 

5+ 

6+ 

I.P.(eV) 

12.127 

21.2 

31.3 

42 

53 

58 

Corresponding 
photon  number 
(lhV=  0.117eV) 

104 

182 

268 

359 

453 

496 

total 

1,862 

FIGURE  CAPTIONS 


Fig.  1  A  plot  of  the  appearance  intensity  versus  ionic  charge  state  of  Xe 
created  by  an  intense  CO2  laser  pulse. 
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Subplcoeeccsnd  Ultraviolet 
Multiphoton  Electron  Spectroscopy 
of  Rare  Gctses* 

T.  S.  Liak,  H.  Jara,  U.  Johann,  I,  A.  McIntyre, 

A.  McPherson,  A.  P.  Schwarzenbach,  K.  Boyer,  and  C.  K.  Rhodes 
Department  of  Physics,  University  of  Illinois  at  Chicago 
P.  0.  Box  4348,  Chicago,  Illinois  60680 

Recent  advances  in  high  power  laser  development  have  enabled  field 
strengths  ccmparable  to  the  atomic  binding  field  to  be  generated.  This 
experimental  achievanent  has  stimulated  considerable  interest  in  the  st\jdy 
of  the  nature  of  multiphoton  processes.  Previously  reported  results  of 
photoelectron  spectra  i:ising  10  ps,  193  nm  radiation^  have  shown  that  the 
photoionization  mechanism  for  the  low  charge  states  is  largely  a  stepwise 
process  and  the  threshold  intensities  required  to  produce  the  charge 
states  are  in  reasonable  agree.ment  with  the  Keldysh  model.  In  addition, 
the  effect  of  the  pondercmotive  potential  in  suppressing  the  lowest  order 
ionization  channel  was  o'oserved. 

In  this  ej^riment,  a  laser  system^  of  much  shorter  pulse  duration, 
0.5  ps  at  248  run,  has  been  used  to  st\Jdy  multiphoton  coupling  of  the  rare 
gases.  Figure  1  shows  the  electron  spectrum  of  He  at  2  x  10^'*,  4  x  lO^'^, 
arvd  2  x  10 W/cm^.  The  lowest  order  energy  electron  line,  v^ich  should 
appear  at  0.4  eV,  is  not  shown.  At  -  1  x  10^'^  W/cm^,  however,  there  is  a 
distinct  electron  line  of  ~  5  eV  vdiich  represents  the  second  order  line 
above  the  ionization  threshold.  As  the  intensity  increases  further,  the 
5  eV  line  is  totally  suppressed.  This  result  is  the  first  observation  of 
the  suppression  effect  for  the  above  threshold  ionization  (ATI)  lines 
other  than  the  lowest  order. 

There  are  three  other  features  worth  noting;  (1)  the  electron  lines 
are  shifted  to  lower  energy,  (2)  the  line  width  of  the  electron  lines  are 
broadened  significantly,  and  (3)  electron  energy  as  hic^i  as  250  eV  in  Xe 
and  Ne  have  been  observed.  The  interpretations  of  these  features  will  be 
presented . 
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Fig.  (1):  Electron  energy  spectra  using  0.5  ps  248  nm  laser  focussed  with 
21  cm  focal  length,  (a)  2  x  10^^  W/cm^  at  1  x  10"^  Torr,  (b)  4  x 
10^^  W/cm2  at  2  X  10“^  Torr,  and  (c)  2  x  10^^  W/cm^  at  2  x  10~^ 
Torr. 
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Multiphoton  Double  Ionization  of  Ba 
Y,  Zhu,  U.  Eichmann,  and  T.F.  Gallagher 
University  of  Virginia 
Charlottesville,  VA  22901 

In  an  effort  to  gain  more  insight  into  the  process  of  niultiphoton  multiple  ioni¬ 
zation, seseral  experiments  have  recently  been  carried  out  to  determine  the  wave¬ 
length  dependence  of  the  double  ionization  of  Sr  and  Ba.'  These  studies  were  not 
as  conclusive  as  one  might  hope,  in  that  the  observed  resonances  in  the  production 
of  Sr^^  and  Ba^^  did  not  quite  match  the  energy  levels  of  Sr^  and  Ba^.  Here  we 
report  experiments  in  which  we  have  compared  the  spectra  for  the  production  of 
Ba^^  by  an  intense  laser  with  and  without  the  population  of  specific  states  of  Ba^  by 
modest  secondary  lasers.  The  resuiis  of  these  experiments  show'  clearly  that  Ba^^  is 
produced  by  first  producing  real  intermediate  states  of  Ba^  which  are  multiphoton 
ionized  through  intermediate  resonances  in  Ba^. 

In  these  experiments  a  thermal  beam  of  Ba  is  crossed  by  several  laser  beams;  an 
intense  beam  of  50  mJ  pulse  energy  and  5ns  pulse  duration  which  is  focussed  to  a 
diameter  of  0.1  mm  with  a  IOC  mm  focal  length  lens,  and  two  modest  beams  of  1 
mJ  pulse  energy.  .After  the  Laser  pulses  a  voltage  is  applied  between  plates  above  and 
below  the  focal  volume  to  eject  the  Ba^  and  .3a^^  ions,  which  are  readily  identified 
on  tlie  basis  of  their  flight  times  to  the  detector. 

First  the  Ba^^  spectra  are  recorded  as  a  function  of  the  wavelength  of  the  in¬ 
tense  larcr  without  the  secondary  lasers.  Then  the  spectra  are  recorded  with  the  sec¬ 
ondary  lasers  which  are  timed  to  precede  the  intense  laser  by  100  ns.  The  secondarv 
lasers  both  subtantiallv  deplete  the  ground  state  of  Ba  and  produce  a  real  population 
in  a  specific  state  of  Ba^.  Spectral  features  which  are  diminished  by  the  addition  of 
the  secondary  lasers  do  not  originate  in  either  the  ground  state  of  Ba  or  the  selected 
state  of  Ba^.  On  the  other  hand  features  which  increase  upon  the  addition  of  the 
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secondary  lasers  must  originate  in  the  selected  state  of  Ba  . 

These  observations  show  clearly  that  the  double  ionization  of  Ba  from  550  to 
670  nm  proceeds  through  real  intermediate  states  of  Ba^,  specifically  the  6s ^ 
5d^^2’  ^*^5/2  locations  of  the  observed  resonances  reflect  the  inter¬ 

mediate  Ba^  resonances  in  the  multiphoton  ionization  of  the  low  lying  states  of  Ba^. 
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DOUBLE  RYDBERG  SPECTROSCOPY  OF  BARIUM  ATOM 
P.  Camus,  P.  Fillet 


Laboratoire  Aime  Cotton  CNRS  II,  Bat.  505 
Campus  d'Drsay,  91405  Orsay  Cedex 
France 


J.  Boulmer 

Institut  d ' E 1 e c t ron iqu e  Fondame n ta 1 e .  Bat.  220 
Universite  Paris-Sud.  91405  Orsay  Cedex 
F  ranee 


One  of  the  interesting  problem  of  atomic  physics  is  to 
understand  better  the  dynamic  of  highly  excited  two-electron 
systems  (n^n’£’].  Recently,  the  exploration  of  highly  excited 
two-electron  states  so  called  "double-Rydberg"  states  have 
been  performed  using  multiphoton  laser  excitation  in  barium. 
From  a  theoretical  point  of  view  two  classes  of  "double-Ryd¬ 
berg"  states  can  be  considered.  At  the  so-called  Wannier  rid¬ 
ge  (n'vn’},  the  correlation  between  the  electrons  becomes  pre¬ 
dominant.  On  the  other  hand,  on  both  sides  of  the  Wannier 
ridge  (n'>>n),  the  outermost  electron  is  moving  in  the  field 
of  the  ionic  core,  partly  screened  by  the  inner  electron. 
Properties  of  such  " d ou b 1 e - Ry dbe rg  states  called  "valley  sta¬ 
tes"  or  planetary  atoms  could  be  described  in  terms  of  quan¬ 
tum  defect  theory. 
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SPECTROSCOPIC  STUDY  OF  9dnd  DDUBL E - R YDBE RG  STATES 

Properties  of  the  neutral  doubly  excited  states,  mainly 

9dn’d  (n'=17  to  29]  dou b 1 e - Ry dberg  states  have  been  studied 

1 

using  a  two-step  two-photon  laser  excitation,  via  6snd  0^ 

simple  Rydberg  state.  These  states  autoionise  in  Ba*(m£}  (m<9) 

2  + 

and  then  the  produced  ions  are  photoionised  in  Ba  ions.  A 

time  of  flight  mass  spectrometer  is  used  to  discriminate  and 
2  + 

detect  the  Ba  ions.  The  two  autoionizing  Rydberg  series 

and  9d^^,^n’d  have  been  observed  and  interpreted  in 
the  analytic  model  of  a  two-channels  quantum  defect  theory. 
Most  of  the  lines  are  explained  and  understood  in  this  simple 
model.  Nevertheless,  some  new  features  which  are  due,  for 
instance,  to  the  qua s i - c o i n c i d enc e  and  the  interference 
between  two  members  of  the  two  series 

leads  to  a  narrowing  of  the  autoionizing  width  which  corres¬ 
ponds  to  a  "stabilization"  of  the  resonance.  A  theory  with 
six  channel  quantum  defect  analysis  taKe  into  account  mixing 
between  the  series  and  allow  us  to  fit  the  experimental  data. 

TOWARD  HIGHLY  EXCITED  DOUBL E - R Y D BE RG  STATES 

Higher  excited  double-Rydberg  states  of  Ba  atom  autoio- 
nize  in  highly  excited  Rydbeig  of  Ba*  ion.  These  products  of 
a u to i on i za t i on  shall  be  detected  and  analysed  for  studying 
double-Rydberg.  A  new  mef"  od  of  detection,  efficient  and  se¬ 
lective,  has  been  performed  by  using  microwave  ionization 
coupled  with  a  double  time  of  flight  mass  spectrometer.  This 
new  technique  allow  is  to  observe  the  Rydberg  series  ns  and 

nd  C20  <  n  <  65]  of  Ba  ion. 
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